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ABSTRACT. Certain protease inhibitors, called the anticarcinogenic protease inhibitors in this review, are 
capable of preventing carcinogenesis in a wide variety of in vivo and in vitro model systems. The anticarcinogenic 
protease inhibitors are extremely potent agents with the ability to prevent cancer, with some unique 
characteristics as anticarcinogenic agents. The anticarcinogenic protease inhibitors have the ability to 
irreversibly suppress the carcinogenic process. They do not have to be continuously present to suppress 
carcinogenesis. They can be effective when applied in both in vivo and in vitro carcinogenesis assay systems at 
long time periods after carcinogen exposure, and are effective as anticarcinogenic agents at extremely low 
molar concentrations. While several different types of protease inhibitors can prevent the carcinogenic 
process, the most potent of the anticarcinogenic protease inhibitors on a molar basis are those with the ability 
to inhibit chymotrypsin or chymotrypsin-like proteases. The soybean-derived protease inhibitor, Bowman- 
Birk inhibitor (BBI), is a potent chymotrypsin inhibitor that has been extensively studied for its ability to 
prevent carcinogenesis in many different model systems. Much of this review is focused on the characteristics 
of BBI as the anticarcinogenic protease inhibitor, as this is the protease inhibitor that has risen to the human 
trial stage as a human cancer chemopreventive agent. Part of this review hypothesizes that the Bowman-Birk 
family of protease inhibitors plays a role in plants similar to that of a^antichymotrypsin in people. Both BBI 
and a r antichymotrypsin are potent inhibitors of chymotrypsin and chymotrypsin-like enzymes, are highly 
anti-inflammatory, and are thought to play important roles in the defense of their respective organisms. It is 
believed that BBI will be shown to play a major role in the prevention and/or treatment of several different 
diseases, in addition to cancer. Pharmacol, ther, 78(3): 167-209, 1998. © 1998 Elsevier Science Inc. 
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1. SUMMARY OF DATA 

SHOWING THE ANTICARCINOGENIC 

ACTIVITY OF PROTEASE INHIBITORS 

Protease inhibitors are now well established as a class of can- 
cer chemopreventive agents. While several different types of 
protease inhibitors have been shown to prevent the carcino- 
genic process, the most potent of the anticarcinogenic pro- 
tease inhibitors on a molar basis are those with the ability to 
inhibit chymotrypsin or chymotryps in-like proteases. There 
are several protease inhibitors that are part of the human 
diet that have the ability to inhibit chymotrypsin-like en- 
zymes. One potent chymotrypsin inhibitor (CI), the soy- 
bean-derived protease inhibitor known as the Bowman-Birk 
inhibitor (BBI), has been studied extensively for its ability 
to prevent carcinogenesis in both in vivo and in vitro systems. 

BBI has been studied both as purified BBI (PBBI) and as 
an extract of soybeans enriched in BBI called BBI concen- 



trate (BBIC). PBBI and BBIC have comparable suppressive 
effects on the carcinogenic process in a variety of in vivo 
and in vitro systems. BBI appears to be a universal cancer 
preventive agent. PBBI/BBIC have been shown to suppress 
carcinogenesis: (1) in three different species (mice, rats, 
and hamsters); (2) in several organ systems/tissue types [co- 
lon, liver, lung, esophagus, cheek pouch (oral epithelium), 
and in cells of hematopoietic origin]; (3) in cells of both ep- 
ithelial and connective tissue origin; (4) when given to an- 
imals by several different routes of administration (includ- 
ing the diet); (5) leading to different types of cancer (e.g., 
squamous cell carcinomas, adenocarcinomas, angiosarco- 
mas, etc.); and (6) induced by a wide variety of chemical 
and physical carcinogens. BBI, as BBIC, recently has risen 
to the human trial stage. BBIC achieved Investigational 
New Drug status from the Food and Drug Administration 
(FDA) as of April, 1992, and studies to evaluate BBIC as an 
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anticarcinogenic agent in human populations have begun. 
Both BBI and BBIC prevent/suppress malignant transfor- 
mation in vitro and carcinogenesis in vivo without toxicity. 

The protease inhibitors discussed in this report are ex- 
tremely potent agents having the ability to prevent cancer, 
with some unique characteristics as anticarcinogenic agents. 
The anticarcinogenic protease inhibitors have the ability to 
irreversibly suppress the carcinogenic process, they do not 
have to be continuously present to suppress carcinogenesis, 
they can be effective when applied in both in vivo and in 
vitro carcinogenesis assay systems at long time periods after 
carcinogen exposure, and they are effective as anticarcino- 
genic agents at extremely low molar concentrations. Much 
of this review is focused on the characteristics of BBI as the 
anticarcinogenic protease inhibitor, as this is the protease 
inhibitor that has risen to the human trial stage as a human 
cancer chemopreventive agent. As part of this review, it is 
hypothesized that the Bowman- Birk family of protease in- 
hibitors plays a role in plants similar to that of c^-antichy- 
motrypsin in humans. Both BBI and a r antichymotrypsin 
are potent inhibitors of chymo trypsin and chymotryps in- 
like enzymes, they are highly anti- inflammatory, and they 
are thought to play important defense roles in their respec- 
tive organisms. It is believed that BBI will be shown to play 
a major role in the prevention and/or treatment of several 
different diseases in addition to cancer. 

1.1. Epidemiologic Data Suggesting 

the Anticarcinogenic Activity of Protease Inhibitors 

Cancer incidence and mortality rates vary greatly around 
the world, and dietary factors are thought to play a very im- 
portant role in these variable rates, as has been reviewed 
elsewhere (e.g., Grobstein et al, 1982; Doll and Peto, 1981; 
Correa, 1981; Phillips, 1975). There are now many differ- 
ent epidemiologic studies that suggest that components of 
vegetables, particularly legumes (Correa, 1981), might play 
a beneficial role in lowering the incidence rates of many 
different types of cancer (some examples of such studies are 
given in the references cited above). Legumes are known to 
contain high levels of protease inhibitors (Birk, 1974, 1976, 
1985; Kassell, 1970). In the diet, rice, maize, and beans, all 
of which contain high levels of protease inhibitors (Birk, 
1974, 1976), are associated with a reduced incidence of co- 
lon, breast, and prostate cancers (Correa, 1981). The in- 
take of breads and cereals, food sources that are also known 
to contain high levels of protease inhibitors, has been asso- 
ciated with a lowered incidence of oral and pharyngeal can- 
cers (Winn et aL, 1984). Other studies with high levels of 
protease inhibitors in the diet have also suggested a reduced 
risk of developing colorectal and breast cancers (Blondell, 
1988). The role of vegetable-derived protease inhibitors as 
active cancer chemopreventive agents has been reviewed 
recently (e.g., Fontham and Correa, 1993). 

There is evidence for a particularly strong relationship 
between the ingestion of soybeans and low incidence and 
mortality rates for breast, colon, and prostate cancers, as 



discussed elsewhere (e.g., Messina and Barnes, 1991; Mes- 
sina et al, 1994). Although breast, colon, and prostate can- 
cers are major public health problems in the Western 
world, cancer rates in these organs are significantly lower in 
most countries of the Pacific basin (e.g., Tominaga, 1985). 
When Orientals migrate to the United States, their off- 
spring develop the common Western cancers at approxi- 
mately the same rates as do Americans (Dunn, 1975; Haen- 
szel and Kurihara, 1968; Buell, 1973). This observation has 
suggested that it is not a genetic difference in susceptibility 
to breast, colon, and prostate cancer development that re- 
sults in the variation in cancer rates, but instead it is more 
likely due to variables such as dietary habits. It is known 
that the consumption of soybean products in countries such 
as Japan is very high (Sipos, 1990); it has been suggested 
that it is the large-scale consumption of soybean products 
in such countries that leads to their extremely low cancer 
mortality rates (Messina, 1995; Messina and Barnes, 1991; 
Messina et a/., 1994). Soybeans are known to contain very 
high levels of protease inhibitors (Hwang et al., 1977; 
Rackis and Anderson, 1964). There are a number of poten- 
tial anticarcinogenic agents in soybeans, which include sa- 
ponins, isoflavones, and other agents, as reviewed by Messina 
and Barnes (1991). Although two other agents in soybean 
[specifically, phytic acid (inositol hexahisphosphate) and the 
sterol (3-sitosterol] have been shown to suppress carcinogene- 
sis in animals, BBI is far more effective at suppressing the 
yields of cancers in animals than the other known anticarci- 
nogenic agents in soybeans, as described in detail elsewhere 
(Kennedy, 1995a). Thus, it has been hypothesized that it is 
the high level of dietary protease inhibitors that has led to 
low cancer mortality rates in populations ingesting large 
amounts of soybean products (Kennedy, 1993a; Kennedy et 
al, 1993b). The epidemiologic studies establish the plausibil- 
ity of this hypothesis, but since there are always alternative 
explanations for variations in cancer incidence and mortality 
data, epidemiologic studies cannot prove this hypothesis. 

1.2. Experimental Data 

Involving Carcinogenesis Model Systems 

While there are a number of explanations for the epidemio- 
logic data on diet and cancer frequency, conclusive results 
concerning the role of dietary additives can be obtained 
from well-controlled animal studies. There are laboratory 
data demonstrating unequivocally a strong cancer preven- 
tive role for dietary protease inhibitors in several different 
animal model carcinogenesis systems (e.g., Troll, 1976; Troll 
et al, 1970, 1979a,b, 1980; Becker, 1981; Yamauchi et al., 
1987; Ohkoshi and Fujii, 1983; Matsushima et al, 1976; 
Slaga et al., 1980; Corasanti et al., 1982; Yamamoto et al., 
1974; Yamamura et al., 1978; Nomura et aL, 1980; Beren- 
blum et al., 1974; Kennedy and Billings, 1987; Umezawa, 
1972; Rossman and Troll, 1980; Hozumi et oL, 1972; Weed 
et al., 1985; Messadi et oL, 1986; Witschi and Kennedy, 
1989; St. Clair et al., 1990a; Billings et ol., 1990c; von Hofe 
etol., 1991; Kennedy et oL, 1993a,b; Kennedy, A. R. et al., 
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1996); these in vivo data are summarized in Table 1. The di- 
etary protease inhibitor that has been studied most extensively 
as a cancer preventive agent is the soybean-derived protease 
inhibitor BBI; many of the studies listed in Table 1 have been 
performed with BBI as the active anticarcinogenic agent. 

Both the plant and animal kingdoms contain a variety of 
protease inhibitors. They are found in many common foods, 
including legumes, cereals, oilseeds, nuts, fruits, vegetables, 
eggs, potatoes, and other dairy and animal products. Many 
vegetables contain protease inhibitors that could be useful 
as cancer chemopreventive agents, as has been reviewed 
(Birk, 1974, 1976, 1985, 1993; Liener and Kakade, 1980; 
Rackis et al> 1986). Soybeans are unusually rich in protease 
inhibitor activity; protease inhibitors comprise at least 6% 
of the total soybean protein (Hwang et al., 1977; Rackis and 
Anderson, 1964). Several protease inhibitors are present in 
soybeans. The best characterized of these inhibitors are soy- 
bean trypsin inhibitor (SBTI) (Kunitz, 1947) and BBI 
(Bowman, 1946, 1993; Birk, 1961, 1974, 1976, 1985). 
SBTI has a molecular weight of about 21,000 and has pri- 
marily trypsin inhibitory (TI) activity; BBI has a molecular 
weight of about 8000 and inhibits chymotrypsin and trypsin 
(Birk, 1974, 1976). The other soybean protease inhibitors 
have not been as fully characterized as BBI and SBTI, but 
are known to inhibit trypsin (Hwang et al., 1977). The 
Bowman-Birk family of protease inhibitors exists in many 
different kinds of plants, but is particularly prominent in le- 
gumes, many of which are a normal part of the human diet. 
The anticarcinogenic activity of the soybean-derived BBI 
was initially discovered when it was shown to prevent radi- 
ation-induced transformation in vitro (Yavelow et al., 1983). 
Other members of the Bowman-Birk family of protease in- 
hibitors (e.g., the chickpea inhibitor) are also capable of 
preventing the malignant transformation of cells; the Bow- 
man-Birk family of protease inhibitors presumably inhibits 
carcinogenesis due to its ability to inhibit chymotrypsin 
(Yavelow et a/., 1985; Kennedy, 1985a). Certain other pro- 
tease inhibitors have the ability to inhibit chymotrypsin. 
For example, the CI from potatoes inhibits chymotrypsin 
(Birk, 1976; Ryan and Kassell, 1970; Smirnoff et al„ 1979); 
unlike the Bowman-Birk type of protease inhibitors, this 
protease inhibitor does not have a distinct TI region. Fruits 
are also known to contain protease inhibitors that inhibit 
chymotrypsin; for example, bananas are known to have a 
particularly high CI content (Rackis et al, 1986). 

A number of different protease inhibitors were shown to 
prevent the malignant transformation of cells in vitro; these 
in vitro studies demonstrating the anticarcinogenic activity 
of certain protease inhibitors have been reviewed recently 
(Kennedy, 1993b) and are summarized in Table 2. For the 
purpose of this review, anticarcinogenic protease inhibitor 
will be defined as a protease inhibitor that has been shown 
to prevent cancer in animals or carcinogen- induced trans- 
formation in vitro in a statistically significant fashion. [Other 
types of "anticarcinogenic" activity have been reported for 
protease inhibitors as well, as described elsewhere (e.g., 
Troll and Kennedy, 1993)]. Many of the protease inhibitors 



shown to inhibit malignant transformation in vitro were 
considered as potential agents to develop as human cancer 
preventive agents. As described elsewhere (Kennedy, 1993a), 
it is believed that the important properties of an ideal pro- 
tease inhibitor to be used as a cancer chemopreventive 
agent include the ability to inhibit transformation in vitro; 
to have chemical stability, water solubility, and the abilities 
to inhibit the enzyme chymotrypsin; to be internalized by 
cells (for a discussion of this, see Billings et ai., 1989, 1990a, 
1991a); and to lack the ability to inhibit the blood clotting 
process. BBI has all of these properties, which are consid- 
ered important. Thus, for a number of different reasons, BBI 
was chosen as the most hopeful of the dietary protease in- 
hibitors for development into a human cancer preventive 
agent (Kennedy, 1993a). Recently, human trials have be- 
gun in which BBI, in the form of BBIC, is being evaluated 
for its ability to prevent cancer. Studies with BBI/BBIC are 
described below. 



2. THE PROPERTIES OF 
ANTICARCINOGENIC PROTEASE 
INHIBITORS, WITH EMPHASIS ON THE 
SOYBEAN-DERIVED BOWMAN-BIRK INHIBITOR 
2.1. Purified Bowman-Birk 
Inhibitor and Bowman-Birk Inhibitor 
Concentrate as Cancer Preventive Agents 

The work of the Kennedy laboratory focused initially on 
the properties of several different protease inhibitors as 
agents capable of preventing the malignant transformation 
of cells in in vitro systems. It soon became clear that agents 
that had the ability to suppress malignant transformation in 
vitro were acting in a similar fashion, suggesting a common 
mechanism of action. As research began to focus on the de- 
velopment of an agent for human cancer prevention trials, 
more and more of the research investigations utilized BBI as 
the anticarcinogenic protease inhibitor. Thus, as BBI is the 
protease inhibitor that has risen to the human trial stage, 
far more is known about BBI than any of the other known 
anticarcinogenic protease inhibitors. The characteristics of 
BBI as a protease inhibitor that is capable of preventing 
cancer will be described in detail here. 

The discovery of BBI as a dietary protease inhibitor has 
been described previously (Bowman, 1993; Birk, 1993). 
BBI is a relatively well-characterized protease inhibitor, 
whose complete structure has been determined by Odani 
and Ikenaka (1973); the structure of BBI is shown in Fig. 
1A. A computer-simulated three-dimensional structure of 
BBI in solution is shown in Fig. IB. The structure of BBI in 
solution was determined by two-dimensional *H nuclear 
magnetic resonance spectroscopy and dynamical-simulated 
annealing, as described by Werner and Wemmer (1992). 

2.1.1. Rationale for production of Bowman-Birk inhibitor 
concentrate. BBI proved to be so effective in its ability to 
suppress malignant transformation in vitro that it was 
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TABLE 1. Protease Inhibitor Suppression of Carcinogenesis in Vivo 



Carcinogen 



Protease inhibitor 



Animal model system 



Reference 



DMBA 

(pro motor = croton oil or 

phorbol ester) 
DMBA 

(pro mo tor = croton oil) 
Azoxymethane 
Radiation 

Chemical carcinogenesis 



DMBA 



4-Nitroquinoline oxide 

andPMA 
Urethane 
X-irradiation 
DMBA 
(Spontaneous) 
Dimethylhydrazine 
3 -Methy lcholanthrene 



Dimethylhydrazine 



DMBA 



3-Methylcholanthrene 

Dimethylhydrazine 

MBNA 

(Spontaneous) genetic 
susceptibility 



TLCK 1 
TPCK 2 
TAME 3 
Leupeptin 

Leupeptin 
AM 

Leupeptin 



KN-dimethylamino 

(p-p ' -guanidinobenzoyloxy ) 
benzilcarbonyloxyglycolate 

Soybean diet 

Antipain 
Soybean diet 
TPCK 2 

Edi Pro A (isolated soy protein) 

2=Aminocaproic acid 

[N'N-dimethyl carbamoylmethyl 
4-(4-guanidinobenzoyloxy)- 
phenylacetate] methanesulfate 
(FOY-305) 

Bowman- Birk 



Bowman- Birk 

FOY-305 

Bowman-Birk 

Bowman-Birk 

Bowman-Birk 

Bowman-Birk 



Mouse skin tumorigenesis 



Mouse skin tumorigenesis 

Rat colon carcinogenesis 

Mouse lymphatic leukemia 

Rat colon, esophagus, and mammary 

gland carcinogenesis; 
Mouse leukemia, skin 

carcinogenesis 
Rat mammary tumorigenesis 



Mouse skin tumorigenesis 

Mouse lung tumorigenesis 
Rat mammary carcinogenesis 
Mouse skin tumorigenesis 
Mouse liver tumorigenesis 
Mouse colon tumorigenesis 
Mouse skin carcinogenesis 



Mouse colon tumorigenesis 



Hamster oral carcinogenesis 

Rat liver carcinogenesis 
Mouse lung tumorigenesis 
Mouse liver tumorigenesis 
Rat esophageal carcinogenesis 
Mouse-Min 



Troll etai., 1970 



Hozumi etai., 1972 

Yamamoto etai., 1974 
Berenblum etai., 1974 
Matsushima et al, 1976 



Yamamura et al., 1978 



Troll etai., 1979a,b 

Nomura etai., 1980 
Troll etai., 1980 
Slaga etai., 1980 
Becker, 1981 
Corasanti etai., 1982 
Ohkoshi andFujii, 1983 



Weed etal, 1985; 
St. Clair etai., 1990a; 
Billings etal, 1990c 
Messadi etai., 1986; 
Kennedy et al., 1993a 
Yamauchi etai., 1987 
Witschi and Kennedy, 1989 
St. Clair etai., 1990a 
von Hofe etai. , 1991 
Kennedy etai., 1996 



'Tosyl-lysine chloromethyl ketone. 
2 Tosyl-phenylalanine chloromethyl ketone. 
3 Tosyl-arginine methyl ester. 



deemed necessary to determine its ability to suppress car- 
cinogenesis in animal model systems. As a soybean extract 
containing the inhibitor would be of greater applicability in 
future animal and human cancer chemopreventive studies, 
various soybean extracts containing BBI were evaluated as 
potential anticarcinogenic preparations. Unfortunately, 
finding an effective extract proved to be a difficult task, for 
unknown reasons. Many of the extracts that were produced 
were not effective as anticarcinogenic agents in in vitro 
transformation assays, and some even enhanced transfor- 
mation [e.g., soybean flour, as discussed in Yavelow et al 
(1985)]. There are, in fact, some compounds in soybeans, 
such as the soybean lectin, that might be expected to work 
like a promoting agent for carcinogenesis. It was also clear 
that compounds are present in soybeans that are able to 
mask the ability of BBI to serve as an anticarcinogenic 
agent and that are removed by various purification proce- 
dures, such as those described by Birk (Kassell, 1970) and 



Hwang et al (1977). Pure BBI is an effective anticarcino- 
genic agent when produced by either the Birk (Kassell, 
1970) or the Hwang et al (1977) procedures; however, 
none of the "intermediate" extracts produced by either of 
those published procedures have anticarcinogenic activity 
[as measured by the ability to suppress radiation-induced 
transformation in vitro (Kennedy, 1993a)]. An anticarcino- 
genic extract of soybeans was produced by acetone pretreat- 
ment of the starting material followed by the Birk purifica- 
tion procedure, as described in detail elsewhere (Yavelow et 
al., 1985); this extract is known as BBIC. BBIC has the 
same ability as pure BBI to suppress malignant transforma- 
tion in vitro-, the anticarcinogenic activity of BBIC is 
thought to be due solely to the presence of BBI ( Yavelow et 
al., 1985). BBIC contains five separate soybean protease in- 
hibitors (including BBI, but not including SBTI), and all of 
which are members of the Bowman-Birk family of inhibi- 
tors. Only BBI itself, however, in BBIC has the ability to 
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TABLE 2. Protease Inhibitors with the Ability to Suppress Carcinogen-Induced Malignant Transformation in Vitro 


Protease inhibitor 


Cjarrinocpn 


First reference utilizing each protease inhibitor 


Antipain 


Radiation 


Kennedy and Little, 1978 


Leupeptin 




Kennedy and Little, 1978 


Antipain 


Radiation 


Borek etal } 1979 


A n H na i n 

i YllllLJalil 


f^frwl rnn Qn mrptip 
J'lVlCLIiyi^llUiallLLllCIlC 


Knrnki and Drevnn 1979 


Chymostatin 






Elastatinol 






Leupeptin 






Pepstatin 






Antinain 


N -mpf Kvl -lsl ' ^n i frn^l^J^n i frnsrvai ian id i np 


DiPaoloetai 1980 


Antipain 


Radiation/1 7-|3Estradiol 


Kennedy and Weichselbaum, 1981 


Leupeptin 






BBI 


Radiation 


Yavelow etai., 1983, 1985 


CKvmo.statin 


Radiation 


Kennedv 1984 1985a 


TPCK 1 


Radiation 


Kennedy, 1985a 


BBI (fragment containing chymotrypsin 


Radiation 


Yavelow etai, 1985 


inhibitory site) 






BBIC 


Radiation 


Yavelow etai., 1985 




Radiation, benzo(a)pyrene, 


Baturay and Kennedy, 1986 




R-nrnniolartDnp ^wifh and wifhmit 

y-f l L\J ia.\~ \*\J l \ Willi all\A W 1XL1UUI 






pnhanrpmpnt bv nvrpnp^ 

vi ii Lai ivi~iuv-i.il. uy ^jyiviicy 




Chickpea inhibitor 


Radiation 


Yavelow etai., 1985 


Chymotrypsin inhibitor I from potatoes 


Radiation 


Billings etai., 1987 


Carboxypeptidase inhibitor I and 


Radiation 


Billings etai., 1989 


inhibitor II from potatoes 






Aprotinin and N-acetyl-L-tyrosine 


Radiation 

ivauiaLiuii 


Billings etal. y 1989 


pfnvl pstpr 






BBI-Polylysine conjugate 


Radiation 


Persiani etai., 1991 


RRl 
DDI 


3 * Methy Icho lan threne 


Cf plcir 1001 

or. v>iair, Lyyi 


Edi Pro A (soybean extract prepared by 


Radiation 


Kennedy, 1993b 


Ralston Purina) 






E-amino-n-caproic acid 


Radiation 


Kennedy, 1993b 


Succinylated BBI -BBI lacking TI site 
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inhibit chymotrypsin. The other trypsin inhibitors in BBIC 
have been only partially characterized (Hwang et ai., 1977). 
It has been observed that BBIC has essentially the same 
ability as PBBI to suppress the carcinogenic process in both 
in vitro (e.g., Yavelow et ai., 1985; Baturay and Kennedy, 
1986) and in vivo (e.g., St. Clair et al> 1990a; Kennedy et 
ai., 1993a) systems. 

Perhaps the most important reason for the production of 
a BBI-containing preparation rather than use of whole soy- 
beans as an anticarcinogenic agent is that much of the TI 
activity of the soybean extract can be removed. As de- 
scribed in Sections 2.4 and 5.2,1, it is known that it is the 
TI activity in soybeans that is involved in triggering a pan- 
creatic feedback response in rats, while the chymotrypsin 
inhibitory activity of BBI/soybeans is not involved in this 
potentially toxic effect. Normally, there is far more trypsin 
inhibitor activity in raw soybeans than chymotrypsin inhib- 
itory activity. As discussed in Section 2.1.2, the TI activity 
has been greatly reduced, such that it is only a fraction of 
the protease inhibitory activity present in BBIC. 



2.1.2. Characteristics of purified Bowman*Birk inhibitor 
and Bowman-Birk inhibitor concentrate. The methods of 
production of BBIC from acetone-defatted soybean flour 
are described in detail elsewhere (Yavelow et ai., 1985), as 
are its characteristics (Kennedy et ai., 1993b). A purified 
form of BBI, termed PBBI, is prepared from BBIC by 
DEAE-cellulose ion-exchange chromatography; it has been 
estimated that these methods of production of PBBI result 
in a product purified to near homogeneity (one major pro- 
tein band is present on sodium dodecyl sulfate-polyacryla- 
mide gels), which is greater than 95% pure (St. Clair et ai., 
1990a). BBIC has been well characterized and described in 
detail (Kennedy et ai., 1993b). BBIC contains proteins and 
carbohydrates, with essentially no fat. In BBIC, the active 
anticarcinogenic activity has been shown to be CI activity, 
which is present in soybeans only in BBI (Birk, 1974, 1976, 
1985; Kassell, 1970; Hwang etai., 1977). The doses of BBIC 
are measured in CI units, as described in detail elsewhere 
(Kennedy et al y 1993b); BBIC contains 100 mg/g CI activ- 
ity, and, at most, 40 mg/g TI activity. The CI activity in 
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FIGURE 1. (A) Structure of BBI, as determined by Odani and Ikenaka (1973). In the drawing, the chymotrypsin inhibitory site 
appears on the right side (Leu-Ser; darkened circles) and the trypsin inhibitory site appears on the left side (Lys-Ser, darkened circles). 
Reproduced from Odani and Ikenaka (1973), with permission of the authors and the copyright holder, Japanese Biochemical Society, 
Tokyo. (B) Three-dimensional computer-simulated structure of BBI in solution. The BBI is a 71 amino acid (AA) protein. The end of 
BBI is AA71, the carboxy terminus of the protein is shown in purple. The beginning of BBI, AAl, is shown in yellow. The chymo- 
trypsin inhibitory site, AA43-44, is shown in green. The GI site, AA16-17, is shown in blue. Reproduced from Kennedy (1994), with 
permission of the copyright holder, American Chemical Society, Washington, DC. 



BBIC is known to be stable over at least a 2-year period, as 
is the ability of BBIC to inhibit transformation in vitro 
(Kennedy et ai,, 1993b). BBIC has achieved Investigational 
New Drug status from the FDA, and trials to evaluate BBIC 
as an anticarcinogenic agent in human populations began 
in 1992. 

2.2. Review of the Data on the 

Anticarcinogenic Activity of Bowman-Birk Inhibitor 
2.2.1. Review of the in vivo anticarcinogenic activity of 
Bowman-Birk inhibitor. The anticarcinogenic activities 
of both PBBI and BBIC have been studied extensively; 
PBBI works as well as BBIC as an anticarcinogenic agent 



over a range of doses in both in vitro transformation systems 
and in in vivo carcinogenesis assay systems (e.g., Yavelow et 
al, 1985; Kennedy et oi., 1993a; St. Clair et al., 1990a). As 
discussed in Section 1.2, BBI/BBIC prevent or suppress ra- 
diation- and chemical carcinogen- induced malignant trans- 
formation in vitro (Yavelow et al. t 1983, 1985; Kennedy, 
1985a; Baturay and Kennedy, 1986; St. Clair, 1991) and 
carcinogenesis in animals in several different model sys- 
tems. It has been observed that BBI and/or BBIC suppress 
carcinogenesis: (1) in three different species (mice, rats, 
hamsters); (2) in several different organ systems/tissue types 
[colon, lung, liver, esophagus, cheek pouch (oral epithe- 
lium), and in cells of hematopoietic origin]; (3) in different 
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cell types [epithelial cells (in the colon, liver, lung, esopha- 
gus and cheek pouch)], as well as connective tissue cells 
(fibroblasts in vitro and those in the liver that give rise to 
angiosarcomas); (4) when given to animals by several dif- 
ferent routes of administration [including injection (i.p. or 
i.v.), direct application, and through the diet]; and (5) lead- 
ing to different types of cancers [e.g., squamous cell carcinomas 
(oral epithelium), adenocarcinomas (colon), angiosarcomas 
(liver), etc.]. The anticarcinogenic activities of PBBI/BBIC 
have been studied in several different in vivo carcinogenesis 
model systems (Weed et aL, 1985; Messadi et aL, 1986; Wits- 
chi and Kennedy, 1989; St. Clair et aL, 1990a; Billings et aL, 
1990c; von Hofe et aL, 1991; Evans et a!., 1992; Kennedy et 
aL, 1993a; Kennedy et aL, 1996) and in several different in 
vitro systems (Yavelow et al. f 1983, 1985; Kennedy et aL, 
1984b; Kennedy, 1982, 1984, 1985a, 1988, 1990, 1993b; 
Baturay and Kennedy, 1986; Umans et aL, 1985; Billings, 
1993; Billings et aL, 1987, 1988, 1989, 1991a,b; Billings and 
Habres, 1992; Caggana and Kennedy, 1989; Carew and 
Kennedy, 1990; Chang et aL, 1985, 1990; Chang and Kennedy, 
1988, 1993; Flick and Kennedy, 1991; Persiani et aL, 1991; 
Su et aL, 1991; St. Clair et aL, 1991; Ekrami et aL, 1993, 
1995b; Li et aL, 1992; Umans et aL, 1984, 1985). In addi- 
tion to these studies, a number of studies have been per- 
formed to relate the in vitro findings on PBBI/BBIC to in 
vivo effects (St. Clair et aL, 1990b; Oreffo et aL, 1991; Bill- 
ings et aL, 1992; Maki and Kennedy, 1992; Ekrami et aL, 
1993; St. Clair and St. Clair, 1991; Kennedy and Little, 
1978, 1981a; Kennedy et aL, 1984b, 1993b). There are sev- 
eral reviews on studies utilizing PBBI/BBIC (Kennedy, 
1984, 1988, 1990, 1993a,b,c,d,e, 1994, 1995a,b; Kennedy et 
aL, 1993b; Kennedy and Billings, 1987). 

The specific animal model carcinogenesis systems in 
which BBI and/or BBIC have been shown to have a sup- 
pressive effect on carcinogenesis include ( 1 ) dirnethyl- 
hydrazine (DMH)-induced colon (Weed et aL, 1985; St. 
Clair et aL, 1990a; Billings et ai., 1990c) and liver (St. Clair 
et aL, 1990a) carcinogenesis in mice, (2) 7,12-dimethyl- 
benz(a)anthracene (DMBA)- induced oral carcinogenesis 
in hamsters (Messadi et aL, 1986; Kennedy et aL, 1993a), 
(3) 3-methylcholanthrene-induced lung carcinogenesis in 
mice (Witschi and Kennedy, 1989), (4) methylbenzylnitro- 
samine- induced esophageal carcinogenesis in rats (von 
Hofe et aL, 1991), (5) radiation-induced thymic lymphosar- 
coma in mice (Evans et aL, 1992), and (6) spontaneous co- 
lon carcinogenesis in mice that are genetically susceptible 
to the induction of intestinal carcinogenesis (Kennedy, A. R. 
et aL, 1996). For radiation- induced lymphosarcoma, BBIC 
was shown to prevent the extension and metastasis of tu- 
mors (Evans et aL, 1992). Several of these in vivo studies 
have been reviewed elsewhere (Kennedy and Billings, 1987; 
Kennedy, 1993a) and are summarized in Section 2.2.1.1. 

It is believed that the great strength of BBI as a cancer 
preventive agent lies in its ability to reverse the "initiated" 
state of cells after initiation has occurred; few other anticar- 
cinogenic agents are capable of "inactivating" initiated 
cells (for a review of this area of research, see Kennedy, 



1994). It is expected that some other potential cancer pre- 
ventive agents will be able to prevent the initiation of cells, 
but the ability to reverse initiation is essentially a unique 
characteristic of BBI as a cancer preventive agent. The abil- 
ity to reverse initiation was observed first in in vitro studies 
(Kennedy, 1985a); similar results suggesting the reversal of 
the initiated state have been observed in in vivo carcino- 
genesis studies (Kennedy et aL, 1993a). In animal carcino- 
genesis studies, BBI leads to a reduction in the yields of 
both tumors and premalignant lesions in a variety of sys- 
tems (e.g., Kennedy, 1993a; Kennedy et aL, 1993a; St. Clair 
et aL, 1990a; von Hofe et aL, 1991). Both PBBI and BBIC 
are effective as anticarcinogenic agents, even when given at 
very long time periods after carcinogen exposure, in both in 
vivo and in vitro studies (Kennedy et aL, 1993a; Kennedy, 
1985a). In animal studies on both oral (Kennedy et aL, 
1993a) and colon (unpublished data) carcinogenesis, BBI/ 
BBIC treatment can begin 3 months after carcinogen expo- 
sure in a 6-month assay period and still have a suppressive 
effect on carcinogenesis. In systems such as these, it is known 
that premalignant lesions can be observed at 3 months, as 
determined from serial sacrifice experiments. As the yields 
of both tumors and premalignant lesions are markedly re- 
duced in BBI-treated animals, these results suggest that BBI 
treatment has destroyed the premalignant lesions. It is now 
known that BBI/BBIC treatment can result in toxicity for 
premalignant and some malignant cells in vitro, as described 
in Section 2.2.2,2, 

2.2. 1.1. Details of studies of Bou>man-BirJc inhibitor/Bowman* 
Birk inhibitor concentrate in anirnal carcinogenesis assay systems. 
In the colon, BBI completely prevented carcinogenesis in- 
duced by a low carcinogen dose (Weed et aL, 1985; St. Clair 
et a!., 1990a) and suppressed carcinogenesis induced by a 
high carcinogen dose (Billings et aL, 1990c). It was observed 
that PBBI and BBIC had the same suppressive effects on 
liver and colon carcinogenesis induced by DMH (St. Clair 
et aL, 1990a). BBI affected adenomatous tumors of the 
mouse colon, which are histopathologically similar to those 
that occur in the most common form of human colon can- 
cer. BBI was also shown to reduce the numbers of tumors in 
both the small intestine and colon in Min mice (Kennedy, 
A. R. et aL, 1996), a strain of mice with an autosomally 
dominantly inherited predisposition to multiple intestinal 
neoplasms. Min mice are known to carry a mutation that is 
similar to the mutation occurring in familial adenomatous 
polyposis patients and that is thought to lead to their signif- 
icantly elevated incidence and mortality rates from intesti- 
nal cancer, as reviewed elsewhere (Kennedy, A. R. et aL, 
1996). BBI reduced both the total number of intestinal tu- 
mors occurring in Min mice and the fraction of Min mice 
having colon tumors. The BBI suppression of intestinal tu- 
morigenesis in Min mice was not accompanied by an effect 
on animal growth. In the liver, BBI suppressed the yield of 
premalignant lesions, such as hyperplasia, as well as the 
DMH- induced elevation in the incidence of angiosarcomas 
in mice (St. Clair et aL, 1990a). For both angiosarcomas 
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and hyperplasia in the liver, PBBI worked as well as BBIC 
as a cancer preventive agent. In both the colon and liver 
carcinogenesis studies, BB1 was administered to the animals 
via the diet. 

Both PBBI and BBIC have been shown to prevent oral 
carcinogenesis in a statistically significant fashion (Messadi 
et oL, 1986; Kennedy et al., 1993a); in these studies, BBI was 
topically applied to the hamster cheek pouch. As part of 
these studies, it was observed that PBBI and BBIC had 
comparable abilities to prevent DM B A- induced oral car- 
cinogenesis in hamsters and that protease inhibitors could 
prevent cancer in this system even when administered to 
animals as long as 3 months following carcinogen exposure 
(Kennedy et al., 1993a). In addition, it was observed that 
protease inhibitors had an irreversible suppressive effect on 
the carcinogenic process in animals, since they could be re- 
moved from animals months before the end of the assay pe- 
riod and still have a significant suppressive effect on 
DMB A- induced oral carcinogenesis (Kennedy et al., 1993a). 
Data supporting these concepts are shown in histogram 
form in Fig. 2. BBI was also shown to inhibit esophageal 
carcinogenesis induced by N-nitrosomethylbenzylamine 
(MBNA); in this study, BBI was administered to the ani- 
mals as a lozenge formulation, as described elsewhere (von 
Hofe et al., 1991). A suppressive effect of BBI on both pre- 
malignant lesions and tumors of the esophagus was ob- 
served in MBNA-treated rats, without an effect on animal 
growth. In lung carcinogenesis studies, BBI has been given 
primarily as i.p. injections. BBI has been shown to reduce 
the percentage of animals bearing lung tumors, as well as 
the number of lung tumors per animal (Witschi and 
Kennedy, 1989). In one experiment, the suppression of tu- 
morigenesis was compared when BBI was given i.p. vs. p.o. 
The results suggested that the same amount of BBI given 
p.o. was about one-half as effective as observed for the i.p. 
route of administration. BBI has shown to result in a reduc- 
tion in premalignant lesions, as well as tumors, in many dif- 
ferent organs. 

2.2.1.2. Summary of Bo<wman-Birk inhibitor/Bowman-Burk 
inhibitor concentrate in animal carcinogenesis assays. For all stud- 
ies involving BBIC, parallel studies utilizing PBBI showed 
essentially the same suppressive effect on animal carcino- 
genesis, allowing the conclusion that BBIC owed its anti- 
carcinogenic activity to BBI (e.g., St. Clair et al., 1990a, 
Kennedy et al., 1993a; Witschi and Kennedy, 1989). For 
both the studies utilizing BBIC and PBBI, the degree of sup- 
pression of carcinogenesis was related to the dose of the car- 
cinogenic agent used. If the dose of the carcinogenic agent 
was high, such that more than one-half of the exposed ani- 
mals would be developing cancer, the incidence of animals 
developing tumors in the treatment group receiving PBBI 
or BBIC in addition to carcinogen treatment was approxi- 
mately one-half that occurring in the animals receiving 
only the carcinogen treatment. If the dose of the carcino- 
genic agent was such that less than one-half of the exposed 
animals developed tumors, PBBI or BBIC had a greater sup- 



pressive effect on carcinogenesis. In some of these experi- 
ments, it was observed that PBBI and BBIC completely pre- 
vented carcinogenesis (i.e., suppressed the carcinogenic 
process by 100%), as reviewed elsewhere (Kennedy, 1993a). 

2.2.2. Review of the in vitro anticarcinogenic activity of 
Bowman-Birk inhibitor and other protease inhibitors. 
2.2.2.1. Prevention of transformation in vitro. Much of the 
information about the anticarcinogenic activity of protease 
inhibitors comes from studies on the ability of these agents 
to suppress carcinogen- induced transformation in vitro. The 
anticarcinogenic protease inhibitors have the ability to 
completely suppress/prevent morphologic transformation in 
rodent cell systems, as illustrated in Fig. 3, as well as "trans- 
formation," as measured by anchorage-independent growth, 
in human diploid cell systems (Kennedy, 1993b,f). Differ- 
ent systems for measurement of in vitro transformation are 
described elsewhere (Kennedy, 1993b,f)- 

The anticarcinogenic protease inhibitors have the capa- 
bility of completely abolishing carcinogen- induced trans- 
formation in vitro or promoter-enhanced transformation in 
vitro, as recently reviewed (Kennedy, 1993b). The highly 
significant suppressive effects of an anticarcinogenic pro- 
tease inhibitor an radiation- induced transformation in vitro 
are shown in Fig. 3. The ability to prevent/suppress radia- 
tion transformation in vitro occurs in the absence of an ef- 
fect on cell growth (Chang et al., 1985, 1990; Chang and 
Kennedy, 1988, 1993). It has been observed that several 
different types of protease inhibitors suppress carcinogen- 
induced malignant transformation in vitro (reviewed by 
Kennedy, 1993b), even when they are added to cells long 
after the radiation exposure (e.g., Kennedy, 1985a; re- 
viewed by Kennedy, 1993b). Inhibitors of a specific pro- 
tease, chymotrypsin, are the most effective for the suppres- 
sion of malignant transformation (Kennedy, 1985a). BBI is 
a potent CI. Treatment of cells with low concentrations of 
CIs in the medium (e.g., at nanomolar concentrations) for 
short periods of time will suppress carcinogen- induced 
transformation; effective concentrations of protease inhibi- 
tors that do not inhibit chymotrypsin are many orders of 
magnitude higher than this (Kennedy, 1985a). It has been 
shown clearly that BBI and other protease inhibitors irre- 
versibly inhibit carcinogen- induced transformation in vitro 
in a variety of cell systems; the anticarcinogenic protease 
inhibitors can suppress radiation transformation when ap- 
plied to irradiated cultures as long as 2 weeks after the radi- 
ation exposure (e.g., Kennedy, 1985a). Protease inhibitors 
must be applied to proliferating cells to have a suppressive 
effect on transformation in vitro , and can be applied for as 
short a time period as 1 day to result in a suppression of 
transformation. The 1 -day time period for protease inhibi- 
tor treatment has been shown to be effective when given to 
cultures either around the time of the radiation exposure or 
at 5 days post- irradiation (Kennedy and Little, 1978, 1981a; 
Kennedy, 1982; Yavelow et al., 1983, 1985). The ability of 
the anticarcinogenic protease inhibitors to suppress radia- 
tion transformation when applied to cultures for 1 day at 
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FIGURE 2. Suppressive effects of BBIC and PBB1 on oral carcinogenesis induced in hamsters by DMBA. Note that PBB1 and BBIC 
have essentially comparable suppressive effects on DMBA-induced oral carcinogenesis in hamsters, and that BBIC treatment can be 
given at a variety of times after carcinogen exposure in this system and still have a significant suppressive effect on the carcinogenic 
process. Of particular note are the treatment groups involving BBIC treatment from days 0 (or 14) to 90 and from days 90 to 180. 
When administered to animals for only the first 3 months of the 6-month experimental assay period, the suppressive effects of BBIC 
indicate that BBIC has an irreversible suppressive effect on the carcinogenic process. The fact that BBIC has a significant suppressive 
effect on the development of tumors when administered to animals for only die last 3 months of the carcinogenesis assay period indi- 
cates that protease inhibitors can suppress carcinogenesis in vivo, even when given at very long periods after carcinogen exposure. Data 
and details of these studies are given in Kennedy et al., 1993a. Reproduced from Kennedy (1994), with permission of the copyright 
holder, American Association for Cancer Research, Inc., Philadelphia. 



day 5 post-irradiation is assumed to represent the reversal of 
the initiated state (Kennedy, 1982). 

Much of the early work on the protease inhibitor sup- 
pression of radiation transformation utilized antipain as the 
anticarcinogenic protease inhibitor. Later work has demon- 
strated that BBI and other anticarcinogenic protease inhib- 
itors have the same effects as antipain on radiation transfor- 
mation in vitro (e.g., Yavelow et al., 1985); it is believed 
that the protease inhibitors with the ability to suppress 
transformation in vitro are working in a similar fashion and 
have a common mechanism of action. The major difference 
between protease inhibitors is the lowest molar concentra- 
tion at which they have comparable effects. It is believed 
that in the rodent transformation systems, the anticarcino- 
genic protease inhibitors are capable of reversing the initia- 
tion of carcinogen-treated cells and affecting all stages of 
transformation in vitro, up to the formation of malignant 
cells. In in vitro transformation studies and other in vitro 
studies in which endpoints related to carcinogenesis were 



studied, PBBI and BBIC had essentially comparable effects, 
and conclusions were drawn relating the anticarcinogenic 
effect of BBIC to BBI, as has been reviewed elsewhere 
(Kennedy, 1993b). 

To discuss the mechanisms by which the anticarcino- 
genic protease inhibitors are modifying transformation in 
vitro, a summary of current thoughts on the mechanism(s) 
thought to be involved in the induction of malignant trans- 
formation by carcinogenic agents in the rodent transforma- 
tion assay systems is necessary. From experiments per- 
formed with different initial and reseeded cell densities, it 
was concluded that the first event in carcinogen- induced 
malignant transformation is a high-frequency event occur- 
ring in many cells treated with low doses of either chemical 
or physical carcinogens (Kennedy et al., 1980, 1984a; 
Kennedy and Little, 1980, 1981b, 1984; Kennedy, 1984, 
1985b, 1989, 1996b). It is believed that the hypothesized 
high-frequency initiating event is likely to be caused by a 
change in gene expression, as it is known that such changes 
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FIGURE 3. Effects of protease inhibitors on radiation-induced 
transformation in vitro in C3H10T1/2 cells. Protease inhibitors 
are capable of suppressing the TPA enhancement of radiation 
transformation, as well as the carcinogenic process brought 
about by a high dose of a complete carcinogen such as X-irradia- 
tion, as discussed in Kennedy ( 1984). Data from Kennedy and 
Little (1981a). 

in gene expression can be caused by carcinogens (Fahmy 
and Fahmy, 1980) and can occur in a high proportion 
(«80%) of carcinogen- treated cells (see, for example, Scott 
and Maercklein, 1985). These changes in gene expression 
can be thought of as acting like a switch (Kennedy, 1989, 
1991), and are well known in radiation biology; such 
changes have been demonstrated even in irradiated human 
cells (Rosen and Klein, 1983). [Other similar inherited epi- 
genetic changes are discussed elsewhere (Kennedy, 1985b, 
1989)]. It is assumed that a major consequence of the (pre- 
sumed) carcinogen- induced change in gene expression is 
that it confers on cells an altered probability that a subse- 
quent event, malignant transformation (i.e., an event that 
leads directly to the malignant state), will occur (reviewed 
in Kennedy, 1985b, 1984). Previous work performed in the 
Kennedy laboratory has suggested that the anticarcinogenic 
protease inhibitors are able to stop what appears to be an 
ongoing cellular process begun by the carcinogen exposure, 
presumably by reversing the carcinogen- induced change in 
gene expression. Thus, it is believed that a cellular process 
in many cells is begun by carcinogens and that certain "an- 
ticarcinogenic" protease inhibitors can turn this process off 
before a rare, later, mutation-like event (leading directly to 
the malignant state) can occur (Kennedy, 1982, 1985a,b). 

High-frequency processes that lead to rare genetic events 
are already known to exist. For example, the "SOS" repair 
system, named after the international distress signal, in bac- 
teria is known to be turned on in cells exposed to carcino- 
gens; the induction of this system then leads to rare genetic 
events (mutations) (Witkin, 1976). This is not a likely 
mechanism to explain carcinogenesis, however. There is 
little or no effect of protease inhibitors on mammalian 
DNA repair processes (Borek and Cleaver, 1981; Korbelik 



et at., 1988). In fact, there is little evidence to support the 
existence of a mammalian error-prone repair system similar 
to SOS repair in bacteria, as has been reviewed (Rossman 
and Klein, 1985). Furthermore, this system is not persis- 
tently activated in bacteria, as it would need to be to ex- 
plain the phenomena involved in carcinogenesis. A system 
that does have the characteristic of persistent activation is 
radiation- induced recombination in yeast (Fabre and Ro- 
man, 1977). This is a system in which both X-rays and UV 
light have been shown to induce recombinational events 
that continue to occur for many generations post- irradia- 
tion. Radiation could induce such a system in mammalian 
cells that could then produce the transformed cell genotype. 

It is reasonable to expect proteases to be involved in the 
induction of the systems described above. Proteases are 
known to play a central role in gene regulation (Gottes- 
man, 1987). SOS functions are known to be activated by a 
protease (Little et al } 1980) and are inhibited by protease 
inhibitors (Meyn etal> 1977). Radiation- induced recombi- 
nation in yeast is also suppressed by protease inhibitors, 
with inhibitors of chymotrypsin being the most effective 
protease inhibitors studied for suppression of the process 
(Wintersberger, 1984). As discussed above, it has been ob- 
served that inhibitors of chymotrypsin are also the most ef- 
fective protease inhibitors at suppressing radiation- induced 
transformation in vitro (Kennedy, 1985a), a correlation that 
may suggest a relationship between the process operating in 
yeast and that involved in the induction of malignancy in 
mammalian cells. 

An ongoing process of the sort that is envisioned as be- 
ing induced by carcinogens in mammalian cells may be op- 
erating in the cells of patients with Bloom's Syndrome. It is 
known that patients with Bloom's Syndrome have a higher 
than normal rate of cancer development and that the cells 
of these patients are constantly generating new chromo- 
somal abnormalities (reviewed by German, 1995). It has 
been observed that the anticarcinogenic protease inhibitors 
can reduce the levels of chromosome abnormalities in the 
cells of patients with Bloom's Syndrome (Kennedy et al., 
1984b). It is conceivable that the high-frequency cellular 
process hypothesized to be induced by carcinogens is con- 
tinuously operating in the cells of patients with Bloom's 
Syndrome. 

A process of the sort likely to explain the observations 
described above on carcinogenesis in mammalian cells has 
not been identified yet. There is much evidence to suggest 
that such a mechanism is involved in the induction of can- 
cer in animals, however. Recently, several in vitro/in vivo 
systems have been developed in which it is possible for in- 
vestigators to count the number of carcinogen- treated cells 
that give rise to cancer in animals. Examples of such studies 
have been published by Clifton et al (1991), Terzaghi- 
Howe (1989), Ethier and Ullrich (1982), and Kamiya et al 
(1995). In these studies, it has been observed that only a 
few carcinogen-treated cells are capable of giving rise to 
cancer in animals, as reviewed elsewhere (Kennedy, 1994); 
the frequencies of malignant transformation of the cells are 
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extremely high in such studies (>10~ 2 ). It is known that 
the frequencies of single-base mutations are very low, on 
the order of 10~ 6 /cell/generation, as reviewed elsewhere 
(Kennedy et at., 1984a; Kennedy, 1994, 1996b). As the fre- 
quencies of malignant transformation are far higher than 
the frequencies expected for single-base mutations, results 
from these studies suggest that single-base mutations are 
not likely to be involved as the initiating events in carcino- 
genesis in the systems studied. While it is still widely be- 
lieved that single-base mutations in certain proto-onco- 
genes, etc., are capable of leading to cancer (usually thought 
to be through a multistep process), the studies utilizing the in 
vitro/in vivo systems raise a question about whether a single- 
base mutation is the usual method by which carcinogens 
start the process that eventually leads to the malignant state. 

2.2.2.2. Selective toxicity in premalignant and certain malignant 
cells. Toxic effects of BBI have been observed in two differ- 
ent types of premalignant cell types studied in the Kennedy 
laboratory. For these studies, effects for PBBI and BBIC are 
comparable; toxic effects of BBI have been observed both 
in premalignant cells of connective tissue origin, "10T1/2- 
myc" cells (Taylor et ai } 1992), and epithelial cell origin, 
"308" cells (Strickland et al., 1988). This toxic effect of BBI 
in atypical cells extends to certain malignant cells. An ex- 
ample of one line of malignant cells that responds to toxic 
effects from treatment with BBI is LNCaP cells. LNCaP 
cells are a hormonally responsive human prostate cancer 
cell line (Horoszewicz et al., 1983). The cell-killing effects 
of BBI in LNCaP cells are reflected as inhibited growth in 
growth curves of cells utilizing this cell line. 

The cell-killing effect of BBI in premalignant and certain 
malignant cells is a relatively small effect (which varies 
from 25 to 75% toxicity in different cell lines), but it must 
be remembered that this is an agent that has a selective 
toxicity for premalignant cells (and some malignant cells) 
and is nontoxic to normal cells. For tumors in which cell 
growth is slow (e.g., certain prostate tumors), BBI/BBIC 
could be considered as a cancer therapeutic agent. 

In previous studies performed in 10T1/2 cells (the rodent 
cell system used for most studies on the suppression of ma- 
lignant transformation in vitro by protease inhibitors), it 
was concluded that the anticarcinogenic protease inhibi- 
tors did not have effects on cells that were already trans- 
formed (e.g., Kennedy and Little, 1978, 1981a). For the ma- 
lignantly transformed 10T1/2 cells that were studied, F-17 
cells (transformed by ionizing radiation) and Cl-16 cells 
(transformed by a chemical carcinogen, 3-methylcholan- 
threne), the anticarcinogenic protease inhibitors did not 
have the ability to affect the growth of the cells. Further, it 
was concluded that the malignant 10T1/2 cells did not 
have an altered capacity to express themselves as malig- 
nantly transformed cells when grown in the presence of the 
anticarcinogenic protease inhibitors (Kennedy and Little, 
1981a). This lack of effect of the anticarcinogenic protease 
inhibitors on F-17 and Cl-16 cell growth does not apply to 
all malignant cell growth, as described above. In fact, the 



toxic effect for some premalignant and malignant cells is 
highly significant and could account for the ability of the 
anticarcinogenic protease inhibitors to suppress malignant 
transformation in vitro or carcinogenesis in vivo when ad- 
ministered to cells in culture or experimental animals at long 
time periods after exposure to the carcinogenic agent(s). 

Other investigators have also studied the effects of the 
anticarcinogenic protease inhibitors on the growth of ma- 
lignant cells. From their studies, Kuroki and Drevon (1979) 
concluded that the anticarcinogenic protease inhibitors 
did not affect the growth of malignantly transformed 
C3H10T1/2 ceils, while other studies have concluded that 
certain protease inhibitors can suppress the growth of ma- 
lignantly transformed cells (e.g., Noonan and Noonan, 
1977; Clark etal, 1993). 

2.2.3. Dose-response relationship for anticarcinogenic 
activity (in vivo and in vitro). Much information is known 
about the dose-response relationship for BBI to inhibit ei- 
ther transformation in vitro or carcinogenesis in animals. It 
has been observed in both in vitro transformation (Yavelow 
et al., 1985; Kennedy, 1985a) and in vivo carcinogenesis 
(e.g., St. Clair et al., 1990a; Kennedy et al., 1993a) studies 
that concentrations or doses of PBBI and/or BBIC varying 
over orders of magnitude have the same suppressive effect 
on carcinogenesis; thus, there appears to be a "saturation" 
effect in the ability of BBI to inhibit carcinogenesis. The 
decline in the ability to inhibit carcinogenesis both in vivo 
and in vitro is a steep dose-response relationship over a very 
narrow dose range of BBI. Similar dose-response curves for 
the inhibition of proteolytic activity have been observed in 
vitro and in vivo (Billings et al., 1987; Oreffo et al., 1991) 
with a steep decease in proteolytic activity over a very nar- 
row concentration range of PBBI/BBIC. At concentrations 
above this range, additional increases in inhibitory activity 
are much less pronounced or absent (e.g., Billings et al., 
1987; Oreffo et al., 1991). An example of the saturation ef- 
fect in the ability of BBI to inhibit carcinogenesis can be 
observed in the comparable abilities of PBBI to inhibit liver 
tumorigenesis when present at 0.1% or 0.01% of the diet 
(St. Clair etoi., 1990a). 

The dose-response relationship for BBI to inhibit car- 
cinogenesis in vitro or in vivo is unusual in that concentra- 
tions/dose levels of BBI varying over orders of magnitude 
have the same suppressive effect. This phenomenon may be 
due to the characteristics of the target protease involved in 
carcinogenesis. Studies on the M r 44-kDa protease de- 
scribed in Section 2.5.8.2, believed to be a target protease 
of the anticarcinogenic protease inhibitors, have shown 
that this protease must be activated with trypsin to be ac- 
tive (Billings et oL, 1991b; Billings and Habres, 1992). It is 
thought that proteases such as this, requiring trypsin activa- 
tion, are carefully controlled by cells and only very small 
amounts of these enzymes are active at a given time; thus, 
very low concentrations of protease inhibitors would be ef- 
fective at inhibiting such a protease (Billings et al., 1991b). 
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2.3. Pharmacokinetic Studies of Bowman-Birk 
Inhibitor (in Relation to Anticarcinogenic Activity) 
2.3.1. Studies in animals — with [ 125 I]Bowman-Birk inhib* 
itor. It previously was believed that very little of the soy- 
bean-derived protease inhibitors would be taken up into 
the bloodstream and distributed to organs outside the gas- 
trointestinal (GI) tract following dietary ingestion; thus, a 
number of publications from Kennedy and colleagues (e.g., 
Persiani etal, 1991; Ekrami etal, 1993, 1995a,b; Larionova 
et al, 1994b) address mechanisms to increase the uptake of 
BBI into the bloodstream so that organs outside of the GI 
tract would be exposed to increased concentrations of BBI 
following delivery via the diet. It now appears that reason- 
able dietary concentrations of BBI result in a sufficient 
amount of BBI being taken up into the bloodstream, with 
subsequent distribution throughout the body, to prevent 
carcinogenesis at many different organ sites. Billings et al. 
(1992) present data demonstrating that approximately 50% 
of the BBI from dietary sources is taken up into the blood- 
stream and distributed throughout the body. BBI is an ex- 
traordinary protein, with the ability to survive the digestive 
process and reach the colon in an active form (Billings et 
al, 1992; Yavelow et al, 1983). BBI can be measured in co- 
lonic epithelial cells in an active form, in the bloodstream, 
and in the urine: some of the BBI recovered from the urine 
is capable of interacting with proteases in the same manner 
as expected for BBI (Yavelow et al, 1983; Billings et al., 
1992). 

Information about the absorption, distribution, and ex- 
cretion of BBI primarily comes from animal studies utilizing 
radiolabeled BBI. Studies performed in the Kennedy labo- 
ratory indicate that approximately one-half of the BBI ad- 
ministered orally is excreted in the feces in an unaltered 
form, while the rest enters intestinal epithelial cells (Bill- 
ings et al, 1991a) or crosses the intestinal lumen via a para- 
cellular mechanism (Billings et al., 1992). At 3 hr after an 
oral [ 125 I]BBI dose, BBI is widely distributed in the body, 
and present in an active form in all major internal organs 
examined (except the brain): the percent distributions of 
the labelled BBI found in each organ and in body fluids 
have been described by Billings et al. (1992). It is known 
that some of the BBI excreted into the urine still possesses 
protease inhibitor activity (Billings et al, 1992; Yavelow et 
al, 1983). When [ 125 I]BBI is administered to animals by 
oral gavage, the calculated serum half-life (t^) is 10 hr in 
both rats and hamsters. Data from which the serum t 1/2 
have been calculated are shown in Fig. 4; the detailed 
methods for these studies are given in the figure legends. 
Several investigators have reported on the bioavailability 
and distribution of BBI (e.g., Persiani et al, 1991; Madar et 
al, 1979; Yavelow et al, 1983; Billings et al, 1992). From 
the many distribution studies performed with [ 125 I]BBI, it is 
clear that a large percentage, approximately 40-50%, of the 
labelled BBI is excreted via the feces. Of the 50-60% of the 
[ 125 1] BBI that is taken up into the bloodstream (or into in- 
testinal epithelial cells), at 2-3 hr after administration, 
[ 125 I]BBI is widely distributed in the body, with 2-5% of the 



ingested BBI being present in the bloodstream and approxi- 
mately 1-2% of the [ 125 I]BBI present in all organs examined 
(except the brain). From animal studies, the time for BBI to 
travel through the GI tract and either be taken up into the 
bloodstream or colonic tissue, or enter the feces, is approxi- 
mately 5 hr. Once BBI has entered the bloodstream, it is 
cleared very rapidly. After an i.v. injection of [ 125 I]BBI, 
most of the labelled inhibitor is cleared from the blood by 
30 min, and all of it has disappeared from the blood by 24 
hr (Persiani et al, 1991). After reaching an organ, BBI ap- 
pears in the epithelial cells of the organ very quickly. For 
example, peak concentrations of BBI appear in hamster 
cheek pouch epithelial cells at 15 min after BBI is injected 
into the cheek pouch. In these studies performed in the 
hamster cheek pouch, the appearance of [ 125 I]BBI in the 
blood correlates with its appearance in the cheek pouch ep- 
ithelial cells. 

Estimates have been made in efforts to relate the data 
collected from the biodistribution studies to potential anti- 
carcinogenic activity. In studies in which 0.01% dietary 
PBBI was shown to completely prevent the induction of 
liver tumors in animals, it was calculated that the amount 
of ingested PBBI would result in 5 |xg of PBBI, or 6.25 X 
10" 10 mol of PBBI, reaching the liver per day (St. Clair et 
al, 1990a). This amount of PBBI reaching liver cells is well 
within the range of concentrations of PBBI that have been 
shown to completely prevent/suppress the malignant trans- 
formation of cells in vitro (Yavelow et al., 1985). The lowest 
effective dose in the dose-response curve for PBJBI to in- 
hibit malignant transformation in vitro (Yavelow et al, 
1985) or the induction of DMH-induced liver angiosarco- 
mas in animals (St. Clair et al, 1990a) has not been found, 
but it is possible that considerably lower doses than those 
studied will be effective in both of these systems previously 
studied. These results demonstrate that the amount of PBBI 
reaching internal organs such as the liver after dietary in- 
gestion of BBI is capable of preventing cancer. The concen- 
trations of PBBI reaching the liver following dietary BBI in- 
gestion appear to be roughly comparable with the amounts 
of BBI reaching other organs outside the GI tract. Specifi- 
cally, biodistribution studies have been done for the breast 
and the prostate, and it has been concluded from these 
studies that when administered orally, the amount of BBI 
reaching these organs could be sufficient to have anticarci- 
nogenic effects in these organs. Details of the biodistribu- 
tion studies for the breast follow. To determine the amount 
of PBBI that would reach breast tissue, the distribution of 
labelled PBBI was determined in mammary tissue of female 
rats. In these studies, it was observed that at 3 hr, 6 hr, and 
24 hr post-gavage, the amounts of [ 125 I]BBI reaching mam- 
mary and liver tissue were comparable, with increasing 
amounts appearing in each of these organs with increasing 
time post-gavage (P. C. Billings and A. R. Kennedy, unpub- 
lished data). As comparable amounts of ingested PBBI (on 
a per gram basis) go to liver and mammary tissue in animals, 
it is expected that there will be at least as great a suppres- 
sive effect observed for BBI in carcinogen-treated breast tis- 
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FIGURE 4. Studies on the t 1/2 of BB1 in animals. These studies 
were performed with [ 125 I]BBI in the Kennedy laboratory in 
both rats and hamsters to determine the t 1/2 of BBI (P. Maki, 
P. C. Billings, and A. R. Kennedy , unpublished data). The fol- 
lowing methods were utilized in these studies. (1) Radio-iodina* 
tion of BBI. BBI was labelled with 125 I using iodobeads, as 
previously described (see Billings et al., 1987). Briefly, 15 mL 
of BBI ( 1 mg/mL) was mixed with 200 mL of 0. 1 M phosphate 
buffer (pH 6.8) in a 1.5-mL microcentrifuge tube. Two iodo- 
beads (Pierce) were added, and the iodination reaction was initi- 
ated by the addition of 0.1 mCi of Na 125 I. The centrifuge tube 
was capped and the reaction was allowed to proceed for 1 hr at 
room temperature. Labelled BBI was separated from free iodine 
by gel filtration chromatography on a Bio-Gel G6DG column 
(0.7 X 10 cm) in PBS. The specific activity of the labelled BBI 
was 2 X 10 7 cpm/mg. The labelled BBI standard eluted from the 
G-25 column at fraction 9. (2) Determination of the t 1/2 of the 
BBI. Male CD rats were starved overnight. Prior to administra- 
tion of [ 125 I]BBI, a blood sample was obtained by tail bleed. 
[ 12 n]BBI (10 6 cpm) was administered in 0.5 mL PBS by oral 
gavage. Blood samples (0.8 mL) were obtained by tail bleed at 5 
min, 15 min, 30 min, 60 min, 3 hr, 6 hr, and 12 hr post-gavage. 
Additional samples were taken at 24 and 48 hr post-gavage by 
cardiac puncture. Blood samples were allowed to clot at room 
temperature, and the clot was gently separated from the sides of 
the microfuge tube with a wooden rod. The samples were then 
centrifuged at 10,000 g in a microcentrifuge for 10 min. One 
hundred microliter aliquots of each serum sample were assayed 
for the presence of [ 125 I]BBI. The amount of labelled BBI 
present in serum as a function of time is shown in Fig. 4. The 
calculated t 1/2 for BBI in rats is 10 hr. A similar procedure was 



sue as previously observed for the carcinogen- treated liver. 
It is known that low dietary concentrations of either PBBI 
and BBIC have major suppressive effects on liver carcino- 
genesis (e.g., St. Clair et al, 1990a). The effects of soybean- 
containing diets on breast carcinogenesis and the likely 
effects of the soybean-derived protease inhibitors on the 
suppression of breast carcinogenesis in animals are de- 
scribed elsewhere (Kennedy, 1995a). 

2.3.2, Studies in humans — with antibodies (which react 
with reduced Bowman-Birk inhibitor). As part of the 
bioavailability/distribution studies of BBI, it initially was 
planned that human pharmacokinetic studies would be per- 
formed with BBI antibodies produced by Brandon et al 
(1989). These antibodies can readily detect and measure 
BBI present in food samples. When PBBI is added directly 
to human serum samples, it can be readily detected and 
measured in a highly quantitative fashion by the Brandon 
antibodies. Unfortunately, dietary administration of BBI re- 
sults in a form of BBI in the bloodstream and urine that 
cannot be detected with the Brandon antibodies, despite 
the fact that the BBI appearing in blood and urine has the 
same molecular weight as BBI and the ability to inhibit 
trypsin and chymotrypsin comparable with that of BBI. As 
antibodies that react with reduced BBI are necessary to de- 
tect BBI in blood and urine samples, as described by Wan et 
al (1995), it is assumed that BBI is present in a reduced 
form in body fluids. 

Thus, pharmacokinetic BBI data in humans are limited 
to studies performed with antibodies that react with re- 
duced BBI. Using these antibodies, a pattern similar to that 
observed in animal studies has emerged. The human data 
suggest that BBI is cleared rapidly from the bloodstream, as 
observed in the animal studies that have been performed. 
For the individuals in the human/pharmacokinetic studies, 
the concentrations of BBI in the urine peaked within 1-6 
hr after an oral BBI dose, with urinary concentrations of 
BBI returning to baseline levels by 24 hr following BBI dos- 
ing (X. S. Wan, L-J. W. Lu, K. E. Anderson and A. R. 
Kennedy, unpublished studies). Pharmacokinetic studies of 
BBI have been carried out in rodents, dogs, and humans 
with antibodies that react with reduced BBI (Wan et al., 
unpublished data). 

2.4. Potential Toxicity of Boumvan-Birk 
InhibitorfBowman-Birk Inhibitor Concentrate 

The soybean protease inhibitors have been viewed in the 
past as toxic agents in soybeans, with the potential to in- 
hibit the growth of young animals, and, perhaps, to contrib- 
ute to pancreatic cancer development, as described in detail 
in Section 5.2. It is now recognized by many investigators 



utilized to determine the t 1/2 in hamsters. Similar results were 
obtained, and the calculated half-life for BBI in hamsters was 
determined to be 10 hr. 
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that the soybean protease inhibitors are not responsible for 
the growth- suppressing effects of raw soybean products in 
young animals, as has been reviewed elsewhere (Kennedy, 
1993a; Birk, 1993). The effect on the promotion of atypical 
growth in the rat pancreas, which has been previously asso- 
ciated with the soybean protease inhibitors, is not expected 
to occur in humans, as has been discussed elsewhere (e.g., 
Kennedy, 1993a, 1994, 1995a, 1996a; Kennedy et al., 
1993b). The potential effects of the soybean protease inhib- 
itors on the rat pancreas are triggered by the ability of the 
protease inhibitors to inhibit trypsin, but not chymotrypsin 
(Birk, 1976, 1985, 1993), while the ability to inhibit car- 
cinogenesis is associated with the ability to inhibit chymo- 
trypsin (which is why the strength of BBIC doses is mea- 
sured in CI units) (Yavelow et al., 1985; Kennedy et al., 
1993b). (Thus, the two protease inhibitor sites, for trypsin 
and chymotrypsin, in BBI are separable and distant from 
each other in the molecule, as can be readily observed in 
Fig. 1.) As described in Section 2.1, compared with raw 
soybeans, the TI activity of BBIC has been greatly reduced 
and the chymotrypsin inhibitory activity has been greatly 
increased (Kennedy et al., 1993b). BBIC has been treated 
like a drug by the FDA. When tested in animals at doses 
that are up to 2 orders of magnitude higher than the doses 
of BBIC being utilized in humans, BBIC does not lead to 
pathologic effects in any organ, including the pancreas, in 3 
species of animals (mice, rat, hamsters) studied in the 
Kennedy laboratory (reviewed in Kennedy, 1993a; Kennedy 
et al,, 1993b) and in two species of animals (rats, dogs) stud- 
ied at the Southern Research Institute (SRI) in Birming- 
ham, AL (USA) (J. Page et a!., unpublished data). Animal 
experiments at these high doses of BBIC have been carried 
out for as long as the animals* life spans in the Kennedy lab- 
oratory and for 3 months in dogs and rats at SRI. Thus, 
even at these extremely high doses of dietary BBIC, no his- 
topathologic alterations in the pancreas have been ob- 
served. On a comparable weight basis, the doses of BBIC 
needed to prevent cancer development are well below the 
doses of soybean protease inhibitor activity that might be 
expected to lead to pancreatic abnormalities in rats (Kennedy, 
1993a, 1995a; Kennedy et a!., 1993b). Thus, even on a the- 
oretical basis, the doses of BBIC being utilized for the pre- 
vention of cancer in humans should not be a problem for 
the human pancreas. Adverse histopathologic effects of BBI 
were not observed in other organs either as part of the stud- 
ies performed at SRI, as described in Section 2.4.1. 

2.4.L Summary of the potential toxicological effects of 
Bowman-Birk inhibitor/Bowman*Birk inhibitor concentrate 
in animals and in vitro. BBI/BBIC has been extensively 
studied in in vitro systems (Yavelow et al, 1983, 1985; 
Kennedy, 1985a; Baturay and Kennedy, 1986; Kennedy, 
1984); they have no toxic effects in any normal cells stud- 
ied, but do have toxic effects in premalignant and some ma- 
lignant cells, as described in Section 2.2.2.2. In animal 
studies conducted in the Kennedy laboratory extending as 
long as the animals' normal life spans (and up to a dose as 



high as 1% dietary BBIC), no adverse biological effects 
were observed in the treated animals (as reviewed by 
Kennedy et ai., 1993b). As part of these studies, body 
weight and the pancreas/body weight ratio were determined 
in all studies involving animals treated with BBI (and other 
protease inhibitors); protease inhibitor treatment did not 
alter these parameters in studies designed to evaluate its 
ability to serve as a cancer preventive agent when adminis- 
tered to animals at a nontoxic dietary level, as has been re- 
viewed elsewhere (Kennedy et al., 1993b; Kennedy, 1993a), 
Histopathological analysis of the pancreata of the animals 
has shown no effects due to protease inhibitor treatment in 
any of the experiments involving long-term treatment of 
animals with BBI, as has been reviewed (Kennedy et al., 
1993b). It is of interest that in studies on the anti-terato- 
genic effects of BBI (von Hofe et al., 1990) and in several 
studies on the suppression of lung tumorigenesis by BBI 
(Witschi and Kennedy, 1989), BBI was injected into ani- 
mals (i.p.) with no apparent problems. [As part of lung car- 
cinogenesis studies, many i.p. injections of BBI were given 
over periods of several weeks, and no toxicity was apparent 
(Witschi and Kennedy, 1989)]. Thus, the only toxic effect 
observed in all of the studies performed in the Kennedy lab- 
oratory was a toxic effect on the developing embryo when 
BBI was injected at a high level into pregnant animals. 
These studies are described in Section 2.5.4. In summary, 
both PBBI and BBIC have anticarcinogenic activity at 
nontoxic levels in vivo. 

In support of human cancer prevention trials with BBIC, 
subchronic oral toxicity studies of BBIC in dogs and rats 
were conducted for the Chemoprevention Branch, Na- 
tional Cancer Institute, at SRI under the supervision of Dr. 
John Page, Study Director. On the basis of these studies, 
multiple dosing protocols were approved by the FDA as 
part of INDs 34671 and 52,642 (studies in humans have in- 
volved BBIC trials at 25-800 CI units/day, for a total of 
6 months of BBIC administration). Details of these animal 
studies are as follows. Rats were dosed once daily with BBIC 
suspended in aqueous carboxymethyl cellulose at a vol of 
5 mL/kg body weight/day; dogs were dosed once daily with 
neat BBIC in gelatin capsules. These studies in rats and 
beagles showed that doses as high as 1000 mg/kg body 
weight/day had no effects on the parameters measured, 
which included survival, feed consumption, body weight, 
EKG, ophthalmic examination, hematology, clinical chem- 
istry, urinalysis, organ weights, and gross and microscopic 
pathology. The conclusions of the standard toxicity and pa- 
thology evaluations were that in rats, there were no treat- 
ment-related adverse effects. In the dogs, the only potential 
treatment-related effect was that of sporadic incidences of 
diarrhea, mainly in male dogs. This was the only clinical 
sign considered to be potentially treatment related. In the 
study, it was not clear that the diarrhea was treatment re- 
lated; however, as noted by the study director, ". . . if treat- 
ment-related, the diarrhea was not severe enough to alter 
body weight, feed consumption, or serum electrolyte con- 
centrations." Given the potential effect of diarrhea from 
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BBIC, the high dose (1000 mg/kg body weight/day) was 
considered to be the maximum tolerated dose for dogs. It is 
thought that the (potential) sporadic diarrhea in male dogs 
was due to the sheer bulk of material (BBIC) ingested by the 
dogs at the maximum tolerated dose of 1000 mg/kg body 
weight/day. The conclusions from these studies were as fol- 
lows: In 90-day subchronic studies in rats and dogs, BBIC 
did not elicit significant toxicity at doses of 100, 500, and 
1000 mg/kg body weight. The no-observed adverse effect 
level in rats was >1000 mg/kg body weight and the maxi- 
mum tolerated dose in dogs was 1000 mg/kg (James A. 
Crowell, personal communication). 

2.5. Known Biological Effects of Bowman-Birk Inhibitor 

2.5.1. Potent protease inhibitor. BBI is known to inhibit 
the proteolytic activity of several well-characterized pro- 
teases, including trypsin (Birk, 1976), chymotrypsin (Birk, 
1976), cathepsin G (Larionova et aL, 1994a), elastase (Lari- 
onova et aL, 1994a), and chymase (Ware et aL, 1997). De- 
spite the ability to inhibit the activity of these proteases, 
BBI does not have detectable effects, at the doses studied in 
animals, on the biological functions in which these pro- 
teases are known to play important roles (reviewed by 
Kennedy, 1993a). 

2.5.2. Anti-inflammatory activity of Bowman-Birk inhib- 
itor. It is now known that BBI is highly ant i- inflammatory. 
In several of the animal carcinogenesis studies, a reduction 
in the level of lymphoid aggregates or lymphocytic infil- 
trates in the BBI/BBIC-treated animals was directly corre- 
lated with a decrease in tumor yields (e.g., von Hofe et aL, 
1991; St. Clair et aL, 1990a), as illustrated in Fig, 5. 

The mechanism by which BBI reduces the inflammatory 
response is unknown, although several different reactions 
could contribute to this activity. As one example, it is 
known that BBI is a potent inhibitor of mast cell chymase 
(Ware et aL, 1997). Chymase is known to perform a number 
of pro- inflammatory functions, including the activation of 
procollagenase (Saarinen et aL, 1994) and the activation of 
the inactive cytokine, 31 kDa interleukin 1(3 to the 18-kDa 
biologically active species (Mizutani et aL, 1991). It is 
thought that the conversion of the 31 -kDa inactive cyto- 
kine to an active cytokine has a critical role in the initia- 
tion of the inflammatory response (Mizutani et aL, 1991). 
The anticarcinogenic protease inhibitors have been shown 
to prevent the influx of polymorphonuclear leukocytes 
(PMN) into regions of inflammation, as well as the produc- 
tion of active oxygen species by these cells (as discussed by 
Goldstein et aL, 1979; Witz et aL, 1980; Troll et aL, 1982, 
1984; Frenkel et aL, 1987; Frenkel, 1992), which would be 
expected to contribute to anti- inflammatory activity. 

The anticarcinogenic protease inhibitors previously have 
been shown to inhibit inflammation specifically associated 
with tumor promotion (Goldstein et aL, 1979; Witz et aL, 
1980; Troll et aL, 1982), which is a stage of carcinogenesis 
subject to inhibition. Thus, the inhibition of promotion by 



protease inhibitors may be viewed as a beneficial effect. 
Thus far, no investigators have shown effects of BBI on the 
normal functioning of cells of the immune system (Gold- 
farb et aL, 1989; Maki and Kennedy, 1992; Maki et aL, 
1994). 

2.5.3. Prevention of hair and weight loss. In a study de- 
signed to determine whether the dietary addition of BBIC 
could inhibit radiation- induced leukemogenesis in C57BL 
mice, three unexpected findings were noted. At the time of 
animal sacrifice or death due to leukemia, BBIC-supple- 
mented mice looked healthier in that they had shinier 
coats, they had no radiation- induced hair loss, and they 
weighed more than the non-BBI-supplemented mice; some 
of the findings from these studies have been published 
(Evans et aL, 1992; Kennedy, 1993d). In addition to look- 
ing healthier, the BBIC-supplemented mice appeared to 
have a higher quality of life than the non-BBIC-supple- 
mented mice. The BBIC-supplemented mice looked like 
normal animals, while the non-BBIC-supplemented mice 
were observed to be in crouched positions much of the 
time. Representative photographs of the irradiated mice 
with and without BBIC dietary supplementation are shown 
in Fig. 6. 

In this study, it was assumed that the hair loss was due to 
irradiation of the animals. Hair loss as a part of radiotherapy 
for tumors has been studied extensively. When hair loss is 
directly due to the radiation exposure, it is usually irrevers- 
ible. Most of the studies that have been performed to mini- 
mize radiation dermatitis and resultant hair loss have been 
aimed at minimizing local radiation- induced inflammation 
(Kim et aL, 1983; Verhey and Sedlacek, 1983; Liebner et aL, 
1962; Potera et aL, 1982; Ohlsen et aL, 1987). This radia- 
tion-induced inflammation is thought to be mediated by 
mast cells (Swartz and Austen, 1984). The success of the 
previously used therapies has been minimal, and none are 
in common clinical usage. The hypothesis in these experi- 
ments was that BBI could modify coat quality and hair loss 
either by locally affecting mast cell-modulated inflammation 
or by acting upon a systemic effector, such as cachectin. 

Radiation doses below 3 Gy have been associated with 
skin connective tissue changes (Eisen and Wilson, 1957; 
Kelenyi, 1953); mast cells within the connective tissue are 
known to release a variety of proteolytic enzymes in the lo- 
cal tissue environment that degrade ground substance. 
Chemotactic mediators are also released from the mast cell 
granules and are thought to be important for the local in- 
flammatory response in skin (Swartz and Austen, 1984); 
these chemotactic mediators eventually lead to late radia- 
tion-induced skin changes. 

In this study, it was observed that the animals looked 
healthier in that they maintained their weight, even when 
they had lymphosarcomas/leukemia. From the results of this 
study, it has been hypothesized that the anticarcinogenic 
protease inhibitors had an effect on cachexia due to the 
malignancy, Cachectin is a macrophage-derived hormone 
that has been shown, when administered at low doses over 
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FIGURE 5. (top) Anti-inflammatory activity of PBBI/BBIC. 
BBI has been shown to have anti-inflammatory activity in sev- 
eral different organ systems; the results for the colon are shown. 
DMH is an inflammatory agent with the ability to cause the 
accumulation of "extensive lymphoid aggregates" in the colons 
of treated animals. When animals are treated with BBI along 
with DMH, there is a marked reduction in numbers of extensive 
lymphoid aggregates, (bottom) Suppressive effects of PBBI/ 
BBIC on colon carcinogenesis. The anti-inflammatory activity 
of BBI parallels its ability to serve as a cancer chemopreventive 
agent for colon carcinogenesis. Details of this study are given in 
St. Clair et al (1990a). 

a prolonged period of time, to induce a state of anorexia 
and wasting similar to that observed in chronic infection 
and cancer (Beutler et at., 1985; Beutler and Cerami, 1988). 
It is hypothesized that in these studies, BBI inhibits the ac- 
tivation of cachectin by blocking the protease cleavage 
known to be necessary in the processing and secretion of 
cachectin. This hypothesis is based on the observation that 
BBI has been shown to inhibit a secretory process, transcy- 
tosis, as measured in MDC kidney cells (Shen et at., 1990), 
and has been shown to inhibit a particular protease whose 
characteristics suggest that it may be involved in protein 
processing (Billings etal, 1987). 

2,5.4. Prevention of radiation-induced exencephaly. In 

studies designed to determine whether BBI or other anti- 
carcinogenic protease inhibitors could affect teratogenesis, 
it was observed that these agents could prevent some birth 
abnormalities and have no effect on the incidence of other 




FIGURE 6. In a study of radiation-induced lymphosarcoma in 
mice, almost all of the irradiated animals developed the disease 
(86% of the animals had evidence of radiation-induced lympho- 
sarcoma). The external appearance of the animals was markedly 
different, however. The BBI-supplemented mice looked health- 
ier in that they had shinier coats, had no radiation-induced hair 
loss, and weighed more than the non-BBI-supplemented mice. 
(A) Hair loss observed in non-BBIC-supplemented mice. (B) 
Lack of hair loss in BBI-supplemented mice. Reproduced from 
Kennedy (1993d), with permission of the copyright holder, 
Cancer Treatment Research Foundation, Arlington Heights. 

birth defects (von Hofe et al> 1990). In these studies, a high 
level of either antipain or BBI was shown to be toxic to the 
developing fetus when injected into pregnant animals; this 
toxic effect was measured as a reduced litter size. In these 
studies in which toxicity was observed for the developing 
fetus, there was no apparent effect on the pregnant mice 
themselves. In these studies, it was observed that nontoxic 
levels of the anticarcinogenic protease inhibitors, including 
BBI, were particularly effective at inhibiting radiation- in- 
duced exencephaly, a neural tube defect. 

While it was observed in these studies that a high level 
of BBI was toxic to a developing fetus when injected into 
pregnant animals, this effect is not expected from BBI 
administered to animals via the diet. There is a clear differ- 
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ence in BBI effects when given p.o. vs. i.p. For example, 
when given via the diet, BBI is not antigenic, while BBI 
is antigenic when injected (Maki et al., 1994). The effect 
observed in animals is not expected to be a problem for 
humans, as Asian populations with high levels of dietary 
protease inhibitors clearly are capable of reproducing 
themselves. 

It is worth emphasizing that no teratogenic effects were 
observed for BBI in these studies; only the prevention of 
birth defects was observed for BBI injected into pregnant 
animals. The toxic effect observed, measured in terms of re- 
duced litter size, is a common effect. Many compounds are 
capable of causing death to a developing embryo, resulting 
in a spontaneous miscarriage. This effect previously has 
been observed in animals for various substances at levels 
comparable with those representing normal human expo- 
sure levels; examples of such substances include therapeutic 
doses of aspirin and relatively small amounts of alcoholic 
beverages [less than those that lead to unacceptable blood 
levels of alcohol for drivers (Brent, 1978)]. Because women 
of child-bearing age regularly consume BBI in their normal 
diets, there is not likely to be an embryotoxic effect from 
the dietary levels of BBIC such as those that have been pro- 
posed for use in cancer prevention. From a public health 
perspective, the potential toxic effect of BBI on a develop- 
ing embryo is far less worrisome than a potential terato- 
genic effect. Because the embryo is lost during a spontane- 
ous miscarriage (usually not noticed by the pregnant 
female), it does not survive to become a living abnormal or- 
ganism. There is no evidence to suggest that BBI/BBIC has 
a teratogenic effect in animals. 

2.5. 5. Increases life span. In animals maintained on 1.0% 
dietary BBIC for their entire life span, a life- lengthening ef- 
fect was observed (Kennedy et al., 1993b). While laboratory 
animals do get various types of cancer, the usual cause of 
death was not cancer in the laboratory mice utilized in 
these life-span studies (Kennedy et al t 1993b). These re- 
sults suggest that the anticarcinogenic protease inhibitors 
such as BBI are affecting other parameters playing an im- 
portant role in life span. 

2.5.6. Enhances cytotoxicity of cis-platinum as a 
chemotherapeutic agent and serves as a radioprotector for 
normal cells in vitro. In experiments performed to deter- 
mine whether BBI might interfere with the cell-killing ef- 
fects of cancer therapeutic agents, BBI was observed to po- 
tentiate the cell-killing effects of cis-platinum in human 
lung cancer cells and to serve as a radioprotective agent for 
normal cells; results of these studies are described in detail 
elsewhere (Kennedy, C. W. et al., 1996). Dittmann et al 
(1995) have also reported that BBI can serve as a radiopro- 
tective agent. 

2.5.7. Effects on smooth muscle (urethra and corpus 
cavernosum). Experiments were performed to determine 
whether BBI or BBIC would have direct or indirect influ- 



ences on the responses of isolated strips of rabbit bladder 
base- urethra and corpus cavernosum to various forms of 
stimulation and relaxation.* The results of these studies 
showed that BBI and BBIC had identical properties and sig- 
nificant effects on the contractile and relaxant responses of 
the urethra and corpus cavernosum to various forms of 
stimulation. The results of these studies are summarized as 
follows: (1) BBI induced a shift to the right (inhibitory) of 
the dose-response curves to phenylephrine for both the 
proximal urethra and the corpus cavernosum. BBI had no 
effect on the maximal response to phenylephrine for both 
v tissues. (2) BBI significantly inhibited neurohumoral re- 
lease and subsequently stimulated contraction of the ure- 
thra. (3) BBI significantly inhibited carbachol-stimulated 
contraction in the urethra and carbachol-stimulated relax- 
ation (mediated by release of nitric oxide from the endo- 
thelium) in the corpus cavernosum. (4) BBI had inhibitory 
effects only on low-frequency field-stimulated relaxation of 
the corpus cavernosum, and no effect on field-stimulated 
relaxation of the prestimulated urethra. These results sug- 
gest significant physiological effects on micturition and on 
erectile function. Specifically, the BBI effects would be ex- 
pected to relax the urethra and improve flow in the pres- 
ence of increased resistance, as occurs in response to benign 
prostatic hyperplasia, and to inhibit corporal smooth mus- 
cle tone, which would result in improved erection. 

2.5.8. Effects of the anticarcinogenic protease inhibitors 
that are closely correlated with the prevention of cancer. 
2.5.8.1. Effects on gene expression. It is clear that the anti- 
carcinogenic protease inhibitors have powerful effects on 
gene expression, as has now been observed by numerous in- 
vestigators (e.g., Chang et al., 1985, 1990; Chang and 
Kennedy, 1988, 1993; Li et al., 1992; Garte et al., 1987). 
Early studies in this area of research showed that anticarci- 
nogenic protease inhibitors, including BBI, reduce the lev- 
els of c-myc expression in carcinogen- treated cells (Chang 
et al., 1985, 1990; Chang and Kennedy, 1988, 1993; Li et 
al., 1992). While the anticarcinogenic protease inhibitors 
clearly affect c-myc expression in C3H10T1/2 cells, they do 
not affect c-myc expression in C3H10T1/2 cells that have 
been malignantly transformed (Chang et al., 1990). This as- 
pect of the protease inhibitor effect on c-myc expression is 
thought to be of central importance since the development 
of malignancy involves some phenomenon that can be reg- 
ulated in normal cells, but is not capable of being regulated 
in cancer cells. C-myc expression appears to have these 
characteristics: it can be regulated by (anticarcinogenic) 
protease inhibitors in nontransformed cells and cannot be 
regulated in the same fashion in transformed cells. It is be- 
lieved that the anticarcinogenic protease inhibitors are af- 
fecting one or more endpoints central to the process in- 
volved in malignant transformation. 



*Malkowicz, S. B., Liu, S.-P., Kennedy, A. R. and Levin, R. M. Effect of 
BBI on the responses of the rabbit corpus cavernosum and urethra to spe- 
cific forms of stimulation and relaxation. Manuscript in preparation. 
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As part of the studies on omyc expression, it was ob- 
served that the protease inhibitors did not affect normal 
levels of omyc in cells, but were only capable of returning 
carcinogen-elevated levels of c-myc expression to normal 
levels. The in vitro effects of the anticarcinogenic protease 
inhibitors on c-myc expression were also observed in vivo. 
In the irradiated colon, c-myc RNA levels are increased, 
but in the irradiated mouse colon exposed to BBI, the c- 
myc RNA levels are comparable with those observed in 
unirradiated colonic epithelial cells, as they are to the c- 
myc RNA levels in colonic epithelial cells exposed only to 
BBI (St. Clair et at., 1990b). 

A potential model by which the anticarcinogenic pro- 
tease inhibitors could be affecting c-myc expression is illus- 
trated in Fig. 7. In this model, it is assumed that radiation 
and chemical carcinogens are inducing proteolytic activity 
involved in the regulation of c-myc. This postulated pro- 
tease is one that is capable of destroying a regulatory pro- 
tein involved in the regulation of c-myc. It is assumed that 
this regulatory protein would bind to the promoter region 
of the gene, as illustrated in Fig. 7. It is hypothesized that 
carcinogen treatment would lead to increased levels of the 
protease, which would then lead to decreased levels of the 
regulatory protein; decreased binding of the regulatory pro- 
tein to the promoter region of c-myc would then lead to in- 
creased levels of c-myc expression. Evidence in support of 
this proposed model comes from experiments showing that 
( 1 ) carcinogens induce elevated levels of proteolytic activ- 
ity (Kennedy and Billings, 1987; Billings et oL, 1987; Mes- 
sadi et ai., 1986), as described in Section 2.5.2.; (2) radia- 
tion increases c-myc expression (St. Clair et ai., 1990b); 
and (3) c-myc gene expression increases in radiation-in- 
duced tumors in vivo (Sawey et ai., 1987). 

It is conceivable that the anticarcinogenic protease in- 
hibitors could then inhibit the protease that destroys the 
regulatory protein. In fact, anticarcinogenic protease inhib- 
itors have been shown to reduce the elevated levels of car- 
cinogen-induced proteolytic activities in vivo (e.g., Messadi 
et ai., 1986) and in vitro (e.g., Kennedy and Billings, 1987; 
Billings et ai., 1987), as well as radiation- induced c-myc lev- 
els in vivo (St. Clair et al. t 1990b; St. Clair and St. Clair, 
1991). 

Hypotheses for the mechanisms involved in the regula- 
tion of the c-myc gene, and the manner in which the anti- 
carcinogenic protease inhibitors could affect those mecha- 
nisms, are described elsewhere (e.g., Chang et ai., 1990; 
Chang and Kennedy, 1993). 

There is now much evidence that the anticarcinogenic 
protease inhibitors, such as BBI, affect pro to- oncogene ex- 
pression in many different in vitro systems (Chang et ai., 
1985, 1990; Chang and Kennedy, 1988, 1993; Li et ai., 
1992; Garte et ai., 1987), as well as in in vivo systems (St. 
Clair et ai., 1990b; St. Clair and St. Clair, 1991). A number 
of different proto-oncogenes and oncogenes have been 
studied as part of the experiments in this area of research 
(including c-fos, c-myc, c-erb B, c-H-ras, etc.), but the 
work showing the ability of BBI to affect the expression of 



c-myc and c-fos is most noteworthy. It is of particular inter- 
est that BBI has been shown to regulate the expression of 
both c-myc and c-fos in vivo in the irradiated mouse (St. 
Clair et ai., 1990b) and irradiated rat (St. Clair and St. 
Clair, 1991) colon. 

It has been assumed that cooperation between increased 
levels of c-myc and other activated oncogenes is necessary 
to result in the malignant transformation of cells and that 
this cooperation cannot occur in the presence of the anti- 
carcinogenic protease inhibitors that suppress the abnor- 
mally high levels of c-myc expression. Evidence has been 
presented in support of a role for cooperating oncogenes in 
the induction of transformation in vitro (Land et ai., 
1983a,b). 

Another way that protease inhibitors could be affecting 
gene expression in carcinogen-treated cells is through an 
effect on gene amplification. It is known that gene amplifi- 
cation is induced by carcinogens in a widespread fashion in 
mammalian cells (Lavi, 1981, 1986). It has been observed 
that certain anticarcinogenic protease inhibitors, including 
BBI, can inhibit this carcinogen- induced gene amplifica- 
tion (Heilbronn et ai., 1985; Flick and Kennedy, 1991). Ra- 
diation is known to induce gene amplification (Lavi, 1986; 
Tlsty et ai., 1984), and the radiation induction of gene am- 
plication can be further potentiated by tumor promoting 
agents such as 1 2 -O-tetradecanoyl-phorbol- 13 -acetate 
(TPA) (Tlsty et ai., 1984). The anticarcinogenic protease 
inhibitors have been thought to be highly antipromotional 
in their effects. It is expected that the mechanism(s) by 
which tumor promoting agents enhance malignant trans- 
formation will be directly affected by the anticarcinogenic 
protease inhibitors. 

2.5*8.2. Effects on protease activity. The most direct method 
of determining the anticarcinogenic mechanism of protease 
inhibitors is to identify and characterize the proteases with 
which they interact. Only a few proteases have been ob- 
served to interact with the anticarcinogenic protease inhib- 
itors; the characteristics of these proteases have been de- 
scribed in detail elsewhere (Billings, 1993; Billings and 
Habres, 1992; Billings et ai., 1987, 1988, 1990a, 1991b; 
Carew and Kennedy, 1990; Yavelow et oL, 1987, 1993; 
Messadi et ai., 1986; Kennedy and Billings, 1987; Habres 
and Billings, 1992). Proteases have been identified by both 
substrate hydrolysis and affinity chromatography. Utilizing 
substrate hydrolysis, the ability of cell homogenates to 
cleave specific substrates was examined, and the ability of 
various protease inhibitors to affect that hydrolyzing ability 
was determined. Utilizing affinity chromatography, specific 
proteases directly interacting with BBI on a BBI affinity 
column were identified. The Boc-Val-Pro-Arg-MCA hy- 
drolyzing activity (Billings et ai., 1987; Messadi et ai., 1986) 
and the Suc-Ala-Ala-Pro-Phe-AMC (Carew and Kennedy, 
1990; Yavelow et ai., 1987, 1993) hydrolyzing activity were 
identified by substrate hydrolysis, and a 44-kDa protease 
(Billings et ai., 1988, 1991b; Billings and Habres, 1992; 
Kennedy and Billings, 1987) has been identified by affinity 
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FIGURE 7. Postulated model showing interaction between a protease, anticarcinogenic protease inhibitors, and c-myc expression. Evi- 
dence in support of proposed model: 1, c-myc expression increases in radiation-induced tumors in vivo (Sawey et ai., 1987); 2 and 3, 
protease levels increase in carcinogen-treated tissue in vivo (Messadi et al., 1986); and anticarcinogenic protease inhibitors return pro- 
tease levels to normal (Messadi et al,, 1986). This model is described in more detail in the text and in Kennedy (1991). Reproduced from 
Kennedy (1991), with permission of Environmental Health Perspectives and the copyright holder, U.S. Printing Office, Washington, DC. 



chromatography. The functions of these proteases are not 
known. As the Boc-Val-Pro-Arg-MCA hydrolyzing activity 
has characteristics similar to specific proteases known to be 
involved in growth factor processing, it has led to specula- 
tion that it has a similar function (Billings et al, 1987). 
There is now direct evidence that BBI affects the process- 
ing of a growth factor needed for malignant cell growth, 
and this effect is correlated with the inhibition of growth in 
human small-cell- lung cancer cells (Clark et al, 1993). 
Many types of studies have been performed by several in- 
vestigators to determine the identities and functions of the 
proteases that are thought to be the target enzymes for the 
anticarcinogenic protease inhibitors (Yavelow et al, 1987, 
1993; Carew and Kennedy, 1990; Billings, 1993). 

The levels of these different types of proteolytic activities 
are affected in various systems of carcinogen-exposed tissue. 
Following the exposure of cells to radiation and/or chemi- 
cal carcinogens in a variety of different cell systems, using 
normal or normal-appearing cells of fibroblast or epithelial 
origin, increases in the levels of certain types of proteolytic 
activities are observed. Several different cell systems have 
been utilized in these studies, including 10T1/2 mouse fi- 
broblasts (Reznikoff et al, 1973), BK1 rat keratinocytes 
(Yuspa et al, 1981), and MCF10 human breast epithelial 



cells (Soule et al., 1990; Tait et al, 1990; Calaf and Russo, 
1993; Russo et al, 1993). In MCF10 cells, the levels of pro- 
teolytic activities remain elevated for as long as 6 weeks af- 
ter the radiation exposure (A. R. Kennedy, unpublished 
data). In irradiated 10T1/2 cells, treatment with BBI re- 
duces the elevated levels of proteolytic activities back to 
normal levels in parallel with the suppression of malignant 
transformation (measured as the yield of transformed foci of 
Types 2 and 3 morphology in 10T1/2 cells). 

The persistent induction of proteolytic activity in carcin- 
ogen-treated tissue has also been observed in vivo. As one 
example, in buccal mucosa cells of the hamster cheek 
pouch, there is a persistently elevated level of proteolytic 
activity after exposure to DMBA, a carcinogen known to 
result in the induction of oral squamous cell carcinomas in 
the hamster cheek pouch. The Boc-Val-Pro-Arg-MCA hy- 
drolyzing activity remains elevated months after carcinogen 
exposure, and treatment with BBI reduces the level of Boc- 
Val-Pro-Arg-MCA hydrolyzing activity back to normal in 
parallel with a suppression of DMBA-induced carcinogene- 
sis in this system (Messadi et al, 1986), as illustrated in Fig. 
8. Elevated levels of proteolytic activities have also been 
observed in rat colon mucosa treated with DMH (Kennedy 
and Manzone, 1995). Treatment with BBI reduces the lev- 
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els of proteolytic activities back to normal in this system in 
parallel with a suppression of colon carcinogenesis (Kennedy 
and Manzone, 1995). The effect of BBI on the levels of pro- 
teolytic activities can be measured within 48 hr of DMH 
treatment (Kennedy and Manzone, 1995). The studies de- 
scribed above show that elevated levels of the proteolytic 
activities can be found in various cell types exposed to radi- 
ation or several different chemical carcinogens, suggesting 
that the persistent activation of proteases is a common re- 
sponse following cellular exposure to radiation and chemi- 
cal carcinogens. 

Elevated levels of proteolytic activities were also de- 
tected in human premalignant tissue and tissues at higher 
than normal risk of cancer development, such as in the buc- 
cal mucosa cells from patients with oral leukoplakia, smok- 
ers, and ex-smokers (Manzone etal.> 1995); the "uninvolved" 
regions of colonic mucosa from patients with ulcerative coli- 
tis (UC); normal-appearing regions of colonic mucosa in 
patients who previously have had one or more adenomatous 
polyps removed or colon cancer (H. Manzone, G. Lich ten- 
stein and A. R. Kennedy, unpublished data); and normal- 
appearing areas of breast tissue in patients with breast can- 
cer (H. Manzone, M. Torosian, C. Powell and A. R. 
Kennedy, unpublished data). It is of interest that the Boc- 
Val-Pro-Arg- MCA hydrolyzing activity remains elevated 
in individuals long after they have stopped smoking (i.e., 
ex-smokers; H. Manzone and A. R. Kennedy, unpublished 
data). Thus, the Boc-Val-Pro-Arg-MCA hydrolyzing activ- 
ity is persistently elevated in carcinogen-treated (i.e., ex- 
posed to cigarette smoke) or premalignant human tissue. 

The studies described above suggest a general pattern 
that has emerged from examination of normal and carcino- 
gen-treated cells and tissues that have or have not been ex- 
posed to the anticarcinogenic protease inhibitors. It is as- 
sumed that tissue at higher than normal risk of cancer 
development is similar to carcinogen- treated cells or tissue 
in vivo, exhibiting higher levels of proteolytic activity than 
normal cells/tissues, and that BBI and other anticarcino- 
genic protease inhibitors are able to reduce these abnor- 
mally high levels to normal levels in parallel with a reduc- 
tion in risk of cancer development. 

As described above, a direct approach to determining the 
mechanism of action of the anticarcinogenic protease in- 
hibitors involves the isolation and characterization of the 
target protease(s) with which they interact. A 44-kDa pro- 
tease activity that interacts with BBI, initially identified by 
affinity chromatography, has been characterized exten- 
sively (Billings et at., 1988, 1991b; Billings and Habres, 
1992; Kennedy and Billings, 1987). It is known that this 
protease must be activated with trypsin and is directly in- 
hibitable by BBI. 

The 44-kDa protease that has been described appears to 
have significance for inflammatory processes. This protease 
is normally not expressed in tissue unless it has been acti- 
vated with trypsin. It has been observed in an activated 
form (i.e., without trypsin activation) in the involved re- 
gions of the colon in patients with UC (for example, see 
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FIGURE 8. Suppressing effect of BBIC on levels of the Boc- 
Val-Pro-Arg hydrolyzing activity in the hamster cheek pouch 
treated with the carcinogen DMBA. DMBA leads to a persistent 
elevation of the Boc-Val-Pro-Arg hydrolyzing activity in ham- 
ster buccal mucosal cells. This proteolytic activity remains elevated 
months after carcinogen exposure in this system, as described in 
detail by Messadi et al (1986). In normal-appearing areas of 
oral epithelium, DMBA treatment results in elevated levels of 
proteolytic activity; additional BBI exposure in these areas leads 
to normal levels of proteolytic activity. For these data collected 
at the times of animal sacrifices (in the 6-month carcinogenesis 
assay period), the levels of proteolytic activity in the normal- 
appearing areas of DMBA-treated hamster cheek pouch epithe- 
lium were significantly higher than those observed in controls, 
while those in the normal-appearing areas treated with DMBA 
and BBI were not significantly different from controls (when 
subjected to a t-test analysis). The BBI reduction in levels of 
proteolytic activities occurs in parallel with a suppression of oral 
carcinogenesis in this system (Messadi et al., 1986). 



Fig. 9) (Hawkins et al, 1997), suggesting that this protease 
could be involved as a causative factor in the production of 
ulcers in UC patients. It is expected that BBI treatment will 
greatly reduce the activity of this protease, which appears to 
be expressed in an uncontrolled fashion in the involved re- 
gions of the colon in UC patients. In fact, recent data have 
shown that BBI does have a major inhibitory effect on the 
proteolytic activity/activities present in UC lesions (see 
Fig. 9 and Hawkins et al, 1997). BBIC has been shown to 
have the same inhibitory effect, as does BBI, on proteolytic 
activities associated with UC lesions (J. Hawkins, A. R. 
Kennedy and P. C. Billings, unpublished data). 

It has also been observed that the uninvolved regions of 
colonic mucosa have elevated levels of proteolytic activi- 
ties, as described above. It is known that patients with UC 
have an elevated risk of colon cancer development. It is ex- 
pected that BBIC treatment will return the elevated levels 
of these proteolytic activities to normal levels in the unin- 
volved regions of the colon in UC patients. The types of 
proteolytic activities shown to be present at elevated levels 
in the colonic mucosa of UC patients are the same ones 
that have been observed to be at elevated levels in the co- 
lonic mucosa of animals exposed to the chemical carcino- 
gen DMH. In animals exposed to DMH and BBI or BBIC, 
there is a reduction in the DMH-elevated levels of these 
proteolytic activities that parallels the BBI suppression of 
DMH- induced colon carcinogenesis (Kennedy and Man- 
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zone, 1995). Thus, it is expected that BBI treatment will 
control the elevated levels of proteolytic activities in the 
normal-appearing colonic mucosa of UC patients, and this 
action will reduce the risk of cancer development, as well as 
prevent the inflammatory processes that could ultimately 
lead to ulcer formation. 

As for cancer prevention, there is evidence to suggest 
that BBIC treatment will have effects in inflammatory 
bowel disease (IBD). It is known that the incidence rates of 
IBD are very high in the United States compared with the 
rates observed in Japan and South American countries. 
(Dayal and DeLellis, 1989; Pena et aL t 1991). It has been 
hypothesized that it is the high level of soybean products 
containing BBI consumed in Japan that leads to the low 
rates of IBD. (BBI-like compounds are found in high con- 
centrations in all legumes, and are expected to be at high 
levels in many of the bean-based dishes of South American 
origin. Thus, the low rates of IBD in South America con- 
ceivably could result from high-level consumption of BBI- 
like molecules in the diet.) It is thought that the diet does 
play an important role in IBD (Hanauer and Baert, 1994; 
Das, 1991; Wargovich et al> 1988; Rudolph et al, 1995). 

There is little information in the literature about the role 
of proteases in IBD and the use of protease inhibitors in 
treating IBD. Bohe and colleagues (Bohe, 1987; Bohe etal } 
1986) give evidence that the level of proteases is increased 
in plasma and fecal extracts of patients with IBD and that 
there is a correlation between the levels of proteolytic ac- 
tivity and severity of the disease. There is only one article 
available in which protease inhibitors have been used to 
treat IBD. The serine protease inhibitor camostat mesilate 
was able to induce and maintain remission in two patients 
with refractory IBD (Senda et al, 1993). 

It is believed that BBI will be more effective than camo- 
stat mesilate and less toxic; as described above, no toxicity 
is expected from BBI/BBIC. The lack of toxicity from BBI is 
somewhat surprising in that BBI has protease inhibitor ac- 
tivity comparable with that of diisopropyl fluorophosphate 
(DFP), also known as nerve gas, in UC lesions (as demon- 
strated in Fig. 10, the protease inhibitor activity of BBI is 
approximately the same as that of DFP when it was tested 
at a molar concentration 3 orders of magnitude lower than 
the molar concentration of DFP utilized in the experiments 
reported there). While BBI is a very potent protease inhibi- 
tor, its activity as a protease inhibitor is very specific and 
controlled. 

The results shown in Fig. 10 are likely to be extremely 
important ones in helping to elucidate the mechanisms by 
which protease inhibitors such as BBI play a major role in 
the prevention and treatment of disease(s). As the enzymes 
inhibited by BBI are very specific, it is highly unlikely that 
BBI could be inhibiting the catalytic activity of all of the 
different proteolytic activities in the zymogram shown in 
Fig. 10. It is hypothesized that BBI is capable of inhibiting 
the catalytic activity of a protease whose activity is neces- 
sary for the activation of several different proteases, or a 
cascade of proteases, involved in inflammatory conditions. 
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FIGURE 9. Gelatin zymogram of tissue homogenates taken 
from involved and uninvolved regions of the colon of a patient 
with ulcerative colitis. Human colonic biopsy samples were 
homogenized and analyzed for protease activity on gelatin zymo- 
grams. Twenty-five micrograms of protein were loaded into each 
lane of the gel. Samples were untreated or treated with trypsin 
(trypsin activated) prior to being run on the zymogram. 
Involved: tissue biopsy from involved region of the colon. Unin- 
volved: material obtained from normal-appearing areas of the 
colon. Note that the involved regions have higher levels of pro- 
tease activity compared with the uninvolved regions. Also note 
the absence of the 44-kDa protease in the uninvolved sample, 
which was not trypsin activated (last lane on right). Numbers 
on right: M r in kilodaltons. Arrow on left designates position of 
44'kDa protease activity. Similar results have been obtained 
with three other colonic biopsy samples. Reproduced from 
Hawkins et al. with permission of the copyright holder, Plenum 
Publishing Corp., New York. 



BBI is known to inhibit the activity of proteases involved 
in the activation of other proteases. Trypsin has been well 
characterized as a protease involved in the activation of 
other proteases (e.g., Billings et al, 1991b; Billings and 
Habres, 1992), and it is well established that BBI inhibits 
the activity of trypsin (Birk, 1976, 1985). While trypsin has 
been considered to be primarily a digestive enzyme, it re- 
cently has been shown to be an intracellular enzyme (Ko- 
shikawa et al., 1994; Hirahara et al, 1995). Another pro- 
tease known to be involved in the activation of proteases is 
chymase (e.g., Saarinen et al, 1994), a proteolytic enzyme 
secreted from mast cells. It recently has been shown by 
Ware et al (1997) that human chymase is potently inhib- 
ited by BBI. As part of these studies, it was observed that 
BBI was a more potent inhibitor of human chymase than 
any of the known physiologic protease inhibitors. It is con- 
ceivable that the secretion of chymase by mast cells triggers 
the activation of many proteases responsible for causing ul- 
cers in the colons of the experimental animals in the stud- 
ies described in the legend for Fig. 10. Inhibition of chy- 
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mase by BBI could result in the prevention of activation of 
proteases playing important roles in the formation of ulcers. 

2.5.83 Effects related to free radical reactions. It has been pro- 
posed that protease inhibitors suppress carcinogenesis by 
their ability to prevent free radical -induced changes in 
cells, as they have been shown to block free radical produc- 
tion in sea urchin eggs (Coburn et al., 1981) and mamma- 
lian cells. It has been shown that certain protease inhibitors 
prevent the influx of PMN, as well as the release of free rad- 
teals by PMN in response to TPA (Goldstein et al., 1979; 
Witz et al., 1980; Troll et al, 1982; Frenkel et al., 1987; 
Frenkel, 1992). Although BBI and other anticarcinogenic 
protease inhibitors have only a limited ability to deal with 
free radicals or their biological effects (e.g., Shasby, 1985; 
St. Clair et al., 1991), they can effectively achieve the same 
final result as antioxidants in that they can keep free radi- 
cals from being produced in cells and thereby decrease the 
amount of oxidative damage (Frenkel et al., 1987; Frenkel, 
1992). There is clearly a strong correlation between the 
ability of a protease inhibitor to prevent the release of oxy- 
gen free radicals from cells and its ability to inhibit carcino- 
genesis, with those having CI activity such as BBI having 
the greatest potency (Frenkel et al., 1987; Frenkel, 1992). 
Recent work has indicated that BBI actually has the ability 
to become an antioxidant in vivo, as has been discussed else- 
where (Wan eta/., 1995). 

While the role of free radical-produced effects in car- 
cinogenesis is still unclear, it is clear that the anticarcino- 
genic protease inhibitors can prevent the release of the su- 
peroxide anion radical and H 2 0 2 from PMN, and that this 
effect is extremely well correlated with anticarcinogenic ac- 
tivity. 
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FIGURE 10. Effects of various protease inhibitors on protease 
activity occurring in UC lesions. Sprague-Dawley rats were 
treated with dinitrobenzenesulfonic (DNBS) acid to induce UC, 
as described by Hawkins et ai. (1997). Samples of UC lesions 
were obtained from animals 7 days post-DNBS treatment and 
analyzed on gelatin zymograms. After electrophoresis, the zymo- 
grams were incubated in reaction buffer containing the indicated 
protease inhibitor. BBI and DFP (inhibitors of serine proteases) 
inhibited most of the protease activity in the samples. EDTA 
(an inhibitor of me tallopro teases), pepstatin (an inhibitor of 
aspartic proteases), and NEM (an inhibitor of thiol proteases) 
had less effect. The lane designated "none" was incubated in the 
absence of protease inhibitor. Numbers on right: M r kilodaltons. 
Reproduced from Hawkins et al,, with permission of the copy- 
right holder, Plenum Publishing Corp., New York. 



2.5.8.4. Effects of the anticarcinogenic protease inhibitors 
appropriate for use as intermediate marker endpoints or 
biomarkers in human trials . 

2.5.8.4.1. Intermediate marker endpoints. The cellular re- 
sponse to exposure to carcinogenic agents can be measured 
with intermediate marker endpoints (IME). A number of 
IME have been discussed as potential targets of cancer 
chemopreventive agents (e.g., Boone and Kelloff, 1994; 
Kelloff et al., 1995). Cell proliferation rates are often uti- 
lized as IME, but the anticarcinogenic protease inhibitors 
do not affect cell proliferation rates in normal cells or any 
other normal cell phenomena that have been studied (re- 
viewed by Kennedy, 1993a). (The anticarcinogenic pro- 
tease inhibitors do inhibit the growth of certain malignant 
and premalignant cells; in these cell types, the anticarcino- 
genic protease inhibitors are expected to have an effect on 
cell proliferation rates.) The fact that anticarcinogenic pro- 
tease inhibitors do not have toxic or any other identifiable 
effects on normal cell functions is viewed positively, as can- 
cer chemopreventive agents should be nontoxic in nature. 
While effects of protease inhibitors on endpoints in normal 
cells in vivo have not been observed, the anticarcinogenic 
inhibitors are capable of affecting several endpoints that 
have been altered by carcinogen exposure, the clearest ex- 
amples of which are levels of proto-oncogene expression 
and proteolytic activity, as described in Section 2.5.8. It has 
been observed that carcinogen treatment increases the 
level of expression of these IME, and anticarcinogenic pro- 
tease inhibitors return the levels to normal or background 
levels of activity in several of the in vivo systems studied. As 
examples, carcinogen treatment increases the level of c- 
myc gene expression in the colon (St. Clair et al., 1990b), 
as well as the levels of proteolytic activity in the oral epu 
thelium (Messadi et al., 1986), while protease inhibitor 
(specifically, BBI/BBIC) treatment brings the carcinogen- 
induced, elevated levels of c-myc gene expression in the co- 
lon (St. Clair et al., 1990b) and proteolytic activity in the 
oral epithelium (Messadi et al., 1986) back to background 
levels in these in vivo systems. BBI/BBIC does not affect the 
endogenous levels of c-myc expression in the colon or of 
proteolytic activity in the oral epithelium. Levels of expres- 
sion of proto-oncogenes and certain proteolytic activities 
currently are being utilized in BBIC human cancer preven- 
tion studies as the IME. 



2,5.8.4.2. Biomarkers. Biomarkers indicate exposure to 
carcinogenic agents, and can also be used in cancer preven- 
tion trials as indicators of whether intervention has de- 
creased the levels of products known to be associated with 
increased risk of cancer development (e.g., Lippman et ai., 
1990). Many of the biomarkers used are indicators of oxida- 
tive damage to DNA, as has been reviewed recently by 
Frenkel (1992). Protease inhibitors with chymotrypsin in- 
hibitory activity such as BBI are known to result in de- 
creased levels of oxidative damage to cells (Frenkel et al., 
1987; Frenkel, 1992). 
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3. POTENTIAL 

MECHANISMS OF ACTION OF THE 
ANTICARCINOGENIC PROTEASE INHIBITORS 

Although many studies have been performed to determine 
the mechanism for the anticarcinogenic effects of protease 
inhibitors, the precise mechanism(s) by which protease in- 
hibitors suppress carcinogenesis is unknown. There are, 
however, several different hypotheses relating to the pro- 
tease inhibitor anticarcinogenic activity that have been 
discussed (e.g., Kennedy, 1993a; Troll et al, 1984). Many 
different approaches have been taken in attempts to deter- 
mine the mechanism of action of the anticarcinogenic pro- 
tease inhibitors. One method of determining the mecha- 
nism of action is to study the characteristics of those 
protease inhibitors that are able to suppress carcinogenesis. 
Several different types of protease inhibitors have been 
shown to have anticarcinogenic activity, as has been re- 
viewed (Kennedy, 1993a,b), and can be observed from the 
data summarized in Tables 1 and 2. Billings et al (1989) 
have suggested that at least two different types of pro- 
teolytic activities are involved in the protease inhibitor 
suppression of carcinogenesis. Another approach in mecha- 
nistically oriented studies involves examination of the spe- 
cific processes affected by the anticarcinogenic protease in- 
hibitors. As examples of this method, it has been determined 
that BBI can inhibit the processing of endocytosed protein 
that is involved in transcytosis (Shen et al., 1990), can in- 
hibit gene amplification induced by carcinogens (Flick and 
Kennedy, 1991), can inhibit the processing of growth fac- 
tors needed for cancer cell growth (Clark et al., 1993), and 
can affect several other endpoints, as discussed in Section 2.5. 

Unfortunately, it will not be possible to determine the 
actual mechanism by which any cancer chemopreventive 
agent has its anticarcinogenic effect(s) until the mecha- 
nism of carcinogenesis is determined with certainty. As de- 
scribed in Section 2.5.8., it has been hypothesized that pro- 
tease inhibitors suppress carcinogenesis by affecting the 
levels of certain types of proteolytic activities and/or proto- 
oncogenes, free radical reactions, etc. Some of the other 
plausible mechanisms of action of the anticarcinogenic pro- 
tease inhibitors are presented briefly here. 

Schelp and Pongpaew (1988) have proposed that ele- 
vated levels of endogenous protease inhibitors, in particu- 
lar, a 2 'macroglobulin (AM), serve to protect against car- 
cinogenesis in those with diets low in calories, fat, and 
animal protein, but high in vegetable content; it is thought 
that high levels of AM in such populations produce low 
cancer incidence rates for the colon, rectum, breast, and 
prostate. Data have been presented that indicate that AM 
levels do increase in response to diets that do not totally 
fulfill normal energy and protein requirements, as reviewed 
by Schelp and Pongpaew (1988). While this mechanism 
may operate for humans in underdeveloped countries, as 
suggested by Schelp and Pongpaew, it does not explain the 
suppression of tumor igenesis in animal experiments in 
which the basal diets have fulfilled normal energy and pro- 
tein requirements, as, for example, in the studies by Becker 



(1981),Corasanti et al (1982), Weed etal (1985), Messadi 
et aL (1986), St. Clair et al. (1990a), Witschi and Kennedy 
(1989), Billings et al (1990c), von Hofe et al (1991), and 
Kennedy, A. R. et al (1993a, 1996). Thus, it is believed 
that other mechanisms are responsible for the suppression 
of carcinogenesis by protease inhibitors in the animal ex- 
periments in which the animals have been maintained on 
diets sufficient for their energy and protein needs. 

There are many other possible mechanisms for the ob- 
served protease inhibitor anticarcinogenic activity. For ex- 
ample, it is reasonable to expect the anticarcinogenic pro- 
tease inhibitors to affect protein kinase C (PKC). PKC is an 
enzyme involved in signal transduction and tumorigenesis, 
as it serves as the primary receptor for TP A (for reviews, see 
Ashendel, 1985 and Nishizuka, 1984). The binding of TP A 
to PKC at the diacylglycerol binding site results in activa- 
tion of the enzyme (for a review, see Nishizuka, 1984). It is 
known that limited proteolysis of PKC with calpain con- 
verts the enzyme into a permanently active form of the en- 
zyme, called protein kinase M (Inoue et ai., 1977; Takai et 
al y 1977). The activity of calpain can be inhibited by high 
concentrations of several different thiol protease inhibitors 
(Ishiura, 1981; Solomon et al., 1985; Sugita et al } 1980; Ta- 
kai et al., 1979). A correlation does not exist, however, be- 
tween anticarcinogenic activity and the ability of a protease 
inhibitor to inhibit the activity of calpain. For example, 
some protease inhibitors lacking anticarcinogenic activity, 
such as tosyl-lysine chloromethyl ketone, inhibit calpain, 
while other protease inhibitors that do have anticarcino- 
genic activity, such as antipain and BBI, do not affect 
calpain, even when evaluated at very high concentrations 
(Solomon et ai., 1985). Studies performed by Su et al 
(1991) suggest that protease inhibitors do not suppress pro- 
motion in vitro through effects on PKC. 

While the actual mechanisms involved in the protease 
inhibitor anticarcinogenic effects are unknown, these agents 
have the ability to make various endpoints altered by car- 
cinogen exposure return to a normal state, as reviewed in 
Section 2.5.8. Many different endpoints altered by carcino- 
gen exposure in cells could be playing a role in the various 
stages of carcinogenesis, and the return of these many end- 
points to a normal state could influence carcinogenesis in a 
variety of ways. There are data to suggest that BBI is capa- 
ble of having effects similar to several different classes of 
cancer chemopreventive agents. As examples, BBI has 
some antioxidant activity [as antibodies to reduced BBI are 
necessary for the detection of BBI in vivo (Wan et ai., 
1995)], and it is capable of altering patterns of gene expres- 
sion, as reviewed in Section 2.5.8. Many different cancer 
chemopreventive agents have anti- inflammatory activity: 
BBI is known to be highly anti- inflammatory and has ef- 
fects on arachidonic acid metabolism similar to the effects 
observed for other cancer chemopreventive agents, as dis* 
cussed elsewhere (Billings et ai., 1994). Billings et aL (1994) 
have suggested the hypothesis that the relative levels of 
6-keto-PGF la are important in the induction of malignant 
transformation in vitro and that agents capable of lowering 
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the levels of this eicosanoid, such as BBI and other anticar- 
cinogenic protease inhibitors, can serve as cancer chemo- 
preventive agents. All or a combination of these different 
mechanisms of action could contribute to the anticarcino- 
genie effects of protease inhibitors. 

It is likely that several different mechanisms are involved 
in the prevention of carcinogen- induced transformation in 
vitro by the anticarcinogenic protease inhibitors. It has 
been hypothesized that the first step in transformation in- 
volves the activation of early response genes, such as c-fos 
and c-myc, and it is known that BBI and other anticarcino- 
genic protease inhibitors have major suppressive effects on 
the expression levels of these proto-oncogenes in both in 
vitro and in vivo systems (Chang et aL, 1985, 1990; Chang 
and Kennedy, 1988, 1993; Li et aL, 1992; Caggana and 
Kennedy, 1989; Garte et aL, 1987; St. Clair et oL, 1990b; St. 
Clair and St. Clair, 1991 ). The gene products of both c-myc 
and c-fos are thought to be involved in the activation of 
other genes. The c-fos gene is considered to be a "master 
switch" that is part of the primary genomic response to 
stimulation by many different extracellular signals; these 
signals are then transduced through regulation of a number 
of secondary genes (Lucibello and Muller, 1991). Since the 
induction of c-fos gene expression precedes the activation 
of c-myc expression (Muller et al., 1984) and enhanced c-fos 
gene expression is known to result in the activation of c-myc 
gene expression (Su et aL, 1995), it is assumed that the ef- 
fect of carcinogens and BBI treatment on c-myc gene ex- 
pression could result from the altered c-fos expression. The 
c-Fos protein, the c-fos gene product, is known to be in- 
volved in the up-regulation of several proteases, such as col- 
lagenase (Schonthal et aL, 1988; Angel et al 1987) and 
stromelysin (Matrisian et aL, 1986), a neutral protease (Za- 
waski et aL, 1993), and several matrix metalloproteases (Hu 
et aL, 1994; Mackay et aL, 1992). As discussed in Section 
2.5.8, the activities of such proteases have been shown to 
be elevated after exposure to radiation/chemical carcino- 
gens and reversed to normal levels after treatment with 
BBI. These lines of evidence have suggested that c-fos gene 
expression may be a critical target for both malignant trans- 
formation and the protease inhibitor suppression of malig- 
nant transformation. 

4. IS BOWMAN-BIRK 

INHIBITOR TAKING THE PLACE OF 

a-ANTICHYMOTRYPSIN AS A DEFENSE ENZYME? 

The effects of the anticarcinogenic protease inhibitors de- 
scribed in Section 2.5 are very unusual. Clearly BBI is an 
extremely potent protease inhibitor; BBI recently has been 
shown to have reaction properties better than any known 
physiologic protease inhibitor (Ware et aL, 1997). While 
the ability of BBI to serve as a direct and potent protease 
inhibitor is unquestionable, it is possible that the effects of 
BBI on some of the levels of proteolytic activities serving as 
I ME in cancer prevention studies may not all be direct ef- 
fects, based on the catalytic activity of BBI. 



Elevated levels of certain types of proteolytic activities 
are observed in radiation and chemical carcinogen- treated 
animals in vivo and in vitro , as described in Section 2.5.8.2. 
The ability of BBI to reduce these elevated levels of pro- 
teolytic activities in carcinogen- treated tissue in vivo and in 
cells in vitro is thought to be related to its ability to prevent 
carcinogenesis. Some of the data have suggested, however, 
that BBI is affecting the levels of proteolytic activities serv- 
ing as IME in cancer prevention studies by altering the lev- 
els of expression of the genes coding for these proteolytic 
activities in cells, as described elsewhere (Kennedy and 
Manzone, 1995; Kennedy, 1995b), For these IME, it is 
known from various in vivo and in vitro studies that the BBI- 
produced changes in the levels of the IME never go below 
the endogenous levels observed in normal cells of tissues of 
the types being studied, suggesting that it is not simply the 
effect of a protease/protease inhibitor interaction that has 
been studied (i.e., with changes in the levels of the IME in 
animals and humans determined by substrate hydrolysis ex- 
periments). BBI clearly has such an indirect effect on at 
least one well-characterized protease, plasminogen activa- 
tor (PA). It is known that BBI can prevent the induction of 
PA (Long et aL, 1981; unpublished data), but has no effect 
on the catalytic activity of the enzyme, suggesting that it is 
involved in the regulation of PA. It is conceivable that BBI 
and other anticarcinogenic protease inhibitors are regulat- 
ing the expression of protease genes in the same manner as 
previously observed for c-myc and c-fos, etc., as described in 
Section 2.5.8.1. 

It is the authors hypothesis that BBI is capable of taking 
the place of an important regulatory enzyme in the body, 
a r antichymotrypsin, in certain, perhaps many, reactions. 
The chymotrypsin inhibitory activity of BBI (reviewed by 
Birk, 1974, 1976, 1985) is very similar to that of aranti- 
chymotrypsin. When a person is wounded, a r antichymo- 
trypsin is a major enzyme induced as an acute phase pro- 
tein; the plasma concentration of this protease inhibitor 
increases rapidly and dramatically after a variety of trau- 
matic events (reviewed by Travis and Salvesen, 1983). It is 
thought that arantichymotrypsin is the most important 
physiologic protease inhibitor in the initial stages of the in- 
flammatory process (Travis et al., 1978). When a plant is 
wounded, BBI or BBI-like molecules (BBI in soybeans and 
BBI-like protease inhibitors in other vegetables) are the 
major enzymes induced; these enzymes are thought to play 
an important role in plant defense mechanisms (e.g., Green 
and Ryan, 1972; Lee etaL, 1986; Brown and Ryan, 1984). It 
is not inconceivable that arantichymotrypsin and BBI play 
similar roles in the systems in which they operate. In fact, 
BBI and arantichymotrypsin have several similar effects. 
Both BBI (Kennedy, 1993a; von Hofe et aL, 1991; J. Ware, 
P. N. Newberne and A. R. Kennedy, unpublished data) and 
a r antichymotrypsin (reviewed by Travis and Salvesen, 
1983) are highly anti- inflammatory. They both prevent the 
induction of active oxygen species in stimulated PMN 
(Frenkel et aL, 1987; Kilpatrick et al., 1991), and they both 
directly inhibit the proteolytic activity of a major protease 
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involved in inflammation (cathepsin G) (Beatty et aL, 
1980; Travis et aL, 1978; Laine et aL, 1982; Larionova et aL, 
1994a). These effects would be expected to contribute to 
the anti- inflammatory activity of these compounds. The 
BBI's similarities to a r antichymotrypsin may explain its 
apparent ability to regulate numerous different processes, as 
a r antichymotrypsin is thought to play a major regulatory 
role in several different important metabolic processes. The 
rapid increase in production of a r antichymotrypsin in the 
acute phase is thought to be ensuring tight control over 
proteolytic activity in order to maintain homeostasis, and it 
is believed that a r antichymotrypsin is likely to play a far 
more important physiologic role than any of the other 
plasma protease inhibitors that have been studied (Travis et 
al., 1978). One of the mechanisms for control by a r anti- 
chymo trypsin is through the direct inhibition of proteases 
known to be involved in the activation of other proteases. 
As one example, it is known that mast cell chymase acti- 
vates human interstitial procollagenase (Saarinen et aL, 
1994) and that arantichymotrypsin inhibits mast cell chy- 
mase (Schechter et al., 1989). It will be difficult to demon- 
strate that BBI can take the place of a r antichymotrypsin, 
however, as animals without this enzyme do not exist; this 
is not surprising given the hypothesis that a r antichymo- 
trypsin is an enzyme playing the major role in the defense of 
an organism. 

It is conceivable that BBI will be most useful in condi- 
tions in which the natural defense mechanisms have failed; 
for example, in the treatment of inflammatory diseases such 
as IBD. It is known that a r antichymotrypsin levels are ele- 
vated in patients with IBD (Weeke and Jarnum, 1971; 
Travis and Salvesen, 1983). It is hypothesized that these el- 
evated levels of apantichymotrypsin are not quite high 
enough to control the disease in these patients and that a 
higher "dose" of chymotrypsin inhibitory activity, such as 
that which could be provided by BBI, would be enough to 
control the disease. 

The significance of BBI studies may go far beyond its use 
as an anticarcinogenic agent. Its role as a powerful gene reg- 
ulator could affect many diseases. For example, as described 
above, while the anticarcinogenic protease inhibitors, such 
as antipain and BBI, cannot affect the catalytic activity of 
PA, they can regulate PA gene expression (Long et al., 
1981; Kennedy A. R., unpublished data). PA is a protease 
known to play a role in heart disease, diabetes, and several 
other diseases. It is known that soy protein dietary additions 
reduce heart disease, as measured by many different param- 
eters (Messina, 1995). The traditional Japanese diet con- 
tains an exceptionally high level of soy products, as has 
been discussed elsewhere (Sipos, 1990; DoelletaL, 1981). It 
is known that the Japanese are the longest-lived population 
in the industrialized world. (Metropolitan Insurance Com- 
panies, 1992) and have markedly reduced rates of several 
diseases common in the Western world, which include the 
common Western cancers (reviewed in Kennedy et aL, 
1993b). It has been observed that a BBI dietary addition 
leads to a significantly increased life span in mice (Kennedy 



et al, 1993b). It is likely that BBI is affecting many pro- 
cesses yet to be studied. It plays a powerful regulatory role in 
many different systems and serves to bring various end- 
points studied to the "right" or normal level observed in the 
system. For example, while BBI normally does not affect 
the levels of proteolytic activity in vivo, it brings carcino- 
gen-elevated levels of activity to the normal levels usually 
observed (Messadi etal., 1986). Similarly, BBI reverses radi- 
ation/carcinogen elevated levels of c-myc expression both 
in vitro and in vivo (Chang et al, 1985, 1990; Chang and 
Kennedy, 1988, 1993; St. Clair et aL, 1990b; St. Clair and 
St. Clair, 1991), gene amplification (Flick and Kennedy, 
1991), etc. Thus, BBI serves to maintain many biological 
phenomena in a "normal" state. Protease inhibitors may 
play many different physiological roles in an organism; ho- 
mology searches have revealed that several different heat 
shock proteins belong to the serine protease inhibitor su- 
perfamily (e.g., Takechi et aL, 1992). 

There is some evidence to suggest that protease inhibi- 
tors such as BBI are involved in protection at times of 
trauma in mammalian organisms. As an example, some pro- 
tease inhibitors offer protection against radiation- induced 
lethality in vivo, as measured by survival levels in chickens 
and mice. The spectrum of protease inhibitors offering pro- 
tection against radiation- induced mortality has suggested 
that a kallikrein-like enzyme, playing a role in vascular per- 
meability, is likely to be involved in this effect (reviewed by 
Palladino et aL, 1982). Similarly, in studies performed by 
Ware et al (unpublished data), the administration of BBI in 
the diet significantly enhanced the survival levels of mice 
exposed to dextran sulfate sodium. 

BBI administration has been shown to be beneficial for 
septic shock treatment. Jochum et aL (1981) have reported 
that when experimental endotoxemia was produced in 
dogs, the degradation of various plasma factors was signifi- 
cantly reduced when BBI was administered prior to gram- 
negative endotoxin exposure. Further studies by this group 
of researchers showed that BBI administered to dogs clearly 
reduced the endotoxin- induced decline in the plasma levels 
of the following clotting factors that were measured: anti- 
thrombin III, prothrombin, factor XIII, plasminogen, and 
a 2 -antiplasmin, as well as complement factor C3 (Witte, 
1979; Jochum et aL, 1984). The studies presented by Jo- 
chum et aL (1984) indicate that treatment with BBI could 
be highly beneficial in generalized inflammatory processes 
like septicemia or septic shock. From their studies, they as- 
sume that BBI has the ability to prevent the nonspecific 
degradation of plasma factors and, therefore, contributes to 
maintaining the physiological balance of the organism. 

5* POTENTIAL ADVERSE EFFECTS OF 
ANTICARCINOGENIC PROTEASE INHIBITORS 
5.1. Effects of Protease Inhibitors on Qrowth 

In the past, protease inhibitors in vegetables have been re- 
garded as anti-nutritional substances, primarily because 
growth-inhibitory effects have been attributed to them. 
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Questions about the role of protease inhibitors in nutrition 
began with the findings of Osborne and Mendel (1917) 
that soybeans would not support the growth of young rats 
unless they were heat treated. As it was thought that pro- 
tease inhibitors were inactivated by heat treatment, it was 
assumed that it was the inactivation of protease inhibitors 
by the heat treatment that led to soybean products that did 
not suppress growth. In fact, the Bowman- Birk type of pro- 
tease inhibitors are quire resistant to heat treatment and are 
found in an active form in many processed foods, such as 
canned chick peas, kidney beans, etc. (Yavelow et ai., 
1982). The evidence suggesting that protease inhibitors are 
anti-nutritional has been largely circumstantial, based on 
studies that have not utilized purified compounds. When 
purified protease inhibitors have been studied for their ef- 
fects on growth, the studies have clearly shown that pro- 
tease inhibitors do not have the deleterious effects on 
growth that have been widely attributed to them, as dis- 
cussed elsewhere (Birk, 1993). 

While the protease inhibitors in soybeans do not appear 
to have the primary suppressive effects on animal growth, it 
is clear that some components of soybeans do have growth- 
suppress ive effects. There are many anti-nutritional and 
toxic factors in legumes, as has been reviewed by Liener 
(1989). For example, soybeans contain high levels of tan- 
nins (polyphenolic substances). Tannins are known to in- 
hibit digestive enzymes in a nonspecific manner (Gallaher 
and Schneeman, 1986). Tannins are responsible for poor 
digestibility of proteins and growth inhibition when fed to 
animals; the anti-nutritional characteristics of tannins have 
been discussed in detail elsewhere (Liener, 1989; Rackis et 
al } 1986). Other anti-nutritional substances found in soy- 
beans (and other legumes) include hemagglutinins (lec- 
tins), goitrogens, cyanogens, lathyrogens, phytate (phytic 
acid), flatulence producers, and gossypol (Liener, 1989). 
While any or all of these substances could contribute to the 
growth-suppressive effects of raw soybeans, it is likely that 
the soybean protein itself is the major factor producing 
growth suppression (Gallaher and Schneeman, 1986). When 
trypsin inhibitors were removed from raw soybean meal by 
affinity chromatography and the raw meal lacking protease 
inhibitors was fed to rats, the degree of growth depression 
was only a bit less than the raw meal containing the trypsin 
inhibitors (Kakade et al, 1973). This experiment suggested 
that much of the growth-suppressive effect was due to the 
protein itself. In their native state, plant proteins are refrac- 
tory to proteolytic attack, which results in poor amino acid 
availability (Grau and Carroll, 1958; Bozzini and Silano, 
1978). As heat treatment of soybean meal is known to in- 
crease the digestibility of soybean protein, heat treatment 
thus would bring about an alleviation of growth depression 
produced by soybean protein in its native state (Gallaher 
and Schneeman, 1986). While the precise contribution of 
protease inhibitors to the growth-suppressing effects of raw 
soybeans is controversial, it is clear that heat treatment of 
soybeans results in products that support the normal growth 
of animals. 



5.2. Effects of Protease Inhibitors on the Pancreas 
5.2.1. Regulation of pancreatic secretions/effects of pro- 
tease inhibitors on pancreatic secretions. For the rat, a 
negative feedback mechanism exists for pancreatic enzyme 
secretion, and cholecystokinin (CCK) is known to be a ma- 
jor regulatory hormone (Green and Lyman, 1972). CCK is 
secreted by cells of the proximal small intestine as a re- 
sponse to an increase in the level of trypsin activity in the 
intestinal lumen (Green and Lyman, 1972). CCK-pancre- 
ozymin is the humoral agent released from the intestine; it 
has the ability to stimulate pancreatic secretion and cause 
both pancreatic hypertrophy and hyperplasia (Rothman 
and Wells, 1967; Mainz et ai., 1973; Yanatori and Fujita, 
1976). The exact details of the feedback response are still 
controversial. Evidence has been presented that a "monitor 
peptide" is secreted with the pancreatic juice and signals 
CCK secretion by the intestinal mucosa (Fushiki and Iwai, 
1989; Miyasaka et al. t 1989). If the intestinal mucosa is low 
in trypsin inhibitor activity, these peptides are destroyed by 
proteolytic activity and CCK secretion is reduced. CCK se- 
cretion is increased when trypsin inhibitors are present in 
the diet; it is assumed that trypsin inhibition protects the 
CCK-releasing peptides from being destroyed. It is thought 
that CCK induces hyperplasia and hypertrophy of the aci- 
nar tissue (as well as having some effect on the ductal ele- 
ments) of the pancreas as a response to greater needs for 
pancreatic functions (Morgan, 1987). CCK is thought to be 
an essential promoter involved in pancreatic carcinogenesis 
in the rat (Roebuck and Longnecker, 1993). 

Whether a feedback system involving CCK exists in hu- 
mans, or in fact, in any species other than rats, is not 
known, as discussed elsewhere (Roebuck and Longnecker, 
1993). It is known that the administration of camostate, 
known to induce CCK in rats (Roebuck and Longnecker, 
1993), does not induce an increase in plasma levels of CCK 
in humans (Watanabe et at., 1986; Adler etal., 1986, 1988). 
In fact, there is evidence that dietary soybean protease in- 
hibitors lead to a reduction in plasma levels of CCK in hu- 
mans (Lu et al, 1995). Although controversial, there is 
some evidence that humans do have feedback control of 
pancreatic enzyme secretions, as discussed by Toskes ( 1986) 
and Liener et al (1988). If such a system does exist for the 
human pancreas, which could conceivably lead to increased 
plasma levels of CCK, this does not mean that the human 
pancreas will respond to SBTIs with enlargement or carci- 
nogenic changes. A negative feedback mechanism for pan- 
creatic enzyme secretion (similar to that of rats) exists in 
hamsters (Andren-Sandberg and Ihse, 1983), pigs, and 
calves, but these species do not develop pancreatic cancer 
(or even enlargement in the case of pigs and calves) in re- 
sponse to trypsin inhibitors (reviewed by Gallaher and 
Schneeman, 1986). The existence of feedback control of 
the pancreas appears to be absent in some species, such as 
the dog (Sale et al., 1977; Diaz et al., 1982). 

The effect of protease inhibitors on the negative feed- 
back control system is not specific; protease inhibitors af- 
fect the system in the same manner as do other proteins, 
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but are a somewhat more potent stimulus (Green and Ly- 
man, 1972; Green et al, 1973), It is of interest that proteins 
have the same "deleterious" effects on the rat pancreas at- 
tributed to protease inhibitors. Raw soybean protein frac- 
tions lacking trypsin inhibitor activity cause pancreatic en- 
largement in rats in the same manner as do the protease 
inhibitor-containing fractions (Nairn etal, 1982). 

It is specifically trypsin inhibition, and not chymotrypsin 
inhibition, that is involved in triggering the feedback re- 
sponse, and ultimately the production of pancreatic enlarge- 
ment in rats, as reviewed by Birk (1993). As it is chymo- 
trypsin inhibition that is involved in the anticarcinogenic 
activity of BBI (Kennedy, 1985a; Yavelow et al, 1985), the 
anticarcinogenic activity can be separated from the TI ac- 
tivity, which presumably has the potential to produce dele- 
terious side effects on the pancreas in some species. 

5.2.2. Histopathological changes in the pancreas associ* 
ated with soybean products. High levels of unheated soy- 
bean products in the diet of rats have been associated with 
pancreatic hyperplasia and hypertrophy; in a few rats fed in 
this manner for very long periods of time, pancreatic cancer 
developed (Nairn et al, 1982; McGuiness et al, 1980; 
Gumbmann et al, 1985; Crass and Morgan, 1982; as re- 
viewed by McGuiness et al., 1984; Morgan, 1987; Morgan et 
at., 1977). Although the carcinogenic effect of soybeans on 
the rat pancreas has been widely attributed to the protease 
inhibitors in soybeans (Liener and Kakade, 1980; Rackis et 
al, 1986; Flavin, 1982), the evidence for this is not clear. 

There appears to be no doubt that the soybean protease 
inhibitors are involved in the stimulation of growth in the 
rat pancreas, causing primarily hypertrophy and some hy- 
perplasia (Melmed et al, 1976; Crass and Morgan, 1982; 
Kakade et al, 1967), but whether these lesions are related 
to the development of pancreatic cancer is controversial 
(Birk, 1993). As there are some species (e.g., mice) that re- 
spond to soybean protease inhibitors by developing pancreatic 
hyperplasia and hypertrophy, but do not develop cancer, 
and there are other species (e.g., hamsters) that respond to 
soybean protease inhibitors with pancreatic enlargement 
and a reduced pancreatic cancer risk (Liener and Hasdai, 
1986), these phenomena may not be related. Even in rats 
fed soybean protease inhibitors, the occurrence of hyperpla- 
sia/hypertrophy and cancer in the pancreas are separable 
phenomena (Richter and Schneeman, 1987). Other com- 
ponents of soybeans could be responsible for the carcino- 
genic effect, as discussed in Sections 5.2.3, 5.2.4, and 5.2.7. 

Enlargement of the pancreas associated with soybean 
protease inhibitors is a readily reversible process (McGuiness 
et al, 1984), as expected for the effects of a promoting agent 
(reviewed by Weinstein, 1978). (The evidence for consid- 
ering soybean products as "promoters" of rat pancreatic car- 
cinogenesis is discussed in Section 5.2.4.) Even when rats 
are fed on raw soya flour diets for as long as 6 months and 
then receive non-soya-containing diets, the pancreatic 
weights, protein contents, and morphological appearances 



of the pancreata revert to normal in a very short period of 
time (McGuiness etal., 1984). 

The pancreata of most species do not respond to high 
levels of soybeans in the diet, as does the rat pancreas (Birk, 
1974, 1976, 1985, 1993; Folsch et al, 1974). Examples of 
species whose pancreata do not respond to soybean prod- 
ucts in the manner observed for rats are as follows: dogs 
(Wolf and Cowan, 1975; Patten et oi., 1971a,b), the adult 
guinea pig (Patten et al., 1973), calves (Kakade et al., 1976; 
Gorrill and Thomas, 1967), pigs (Struthers et oL, 1983; 
Hooks et al, 1965; Yen et al., 1977), cebus monkeys (Aus- 
man et al., 1985; Struthers et al., 1983), and chacma ba- 
boons (Robbins etal., 1988). 

There are a few species whose pancreata respond with 
enlargement, as do the pancreata of rats, to high levels of 
soybeans in the diet. These species include chickens (Cher- 
nick et al., 1948; Nitsan and Alumot, 1964; Gertler and 
Nitsan, 1970; Nitsan and Nir, 1977), the young, but not 
adult, guinea pig (Patten et al., 1973), quails (Birk, 1985; 
Madar et aL, 1974), mice (Schingoethe et al., 1970), and 
hamsters (Hasdai and Liener, 1983). From the data con- 
cerning the species variation in response, it has been sug- 
gested (Kakade et al., 1976; Liener, 1979a,b; Liener and 
Kakade, 1980) that animals whose pancreata are 0.3% of 
body weight or more (such as the mouse, chick, rat, and 
young guinea pig) show pancreatic enlargement with feed- 
ing of soybean trypsin inhibitors, while those animals 
whose pancreata are less than 0.3% of body weight (the 
adult guinea pig, pig, dog, and calf) do not exhibit pancre- 
atic enlargement. With this relationship, the human pan- 
creas is not expected to enlarge due to trypsin inhibitors, as 
it weights about 0.09-0.12% of body weight. 

Thus, the available evidence suggests that soybean pro- 
tease inhibitors will not bring about pancreatic enlarge- 
ment. Even if they do, however, this does not mean that 
these protease inhibitors will produce pancreatic cancer. As 
noted above, pancreatic enlargement produced by soybean 
protease inhibitors does not lead to pancreatic cancer in 
mice, and in hamsters, the soybean protease inhibitors sup- 
press pancreatic cancer development, even though they 
cause pancreatic enlargement (Liener and Hasdai, 1986). 

5.2.3. Is soybean product*as$ociated pancreatic cancer in 
rats due to protease inhibitors? As has been discussed else- 
where (Roebuck and Longnecker, 1993), when rats are fed 
a diet containing raw, full-fat soybean flour, pancreatic can- 
cer can occur and carcinogen- induced pancreatic carcino- 
genesis can be enhanced, but whether the effect is due to 
protease inhibitors is not clear. Several studies have sug- 
gested that protease inhibitors may be only partially respon- 
sible for the deleterious effects of soybeans on the pancreas. 
For example, Kakade et al (1973) and Liener (1979a) 
present data showing that trypsin inhibitors are responsible 
for only approximately 40% of the stimulatory effects of raw 
soy flour on the pancreas. The true effect may be even less 
than that estimate. It is known that there is a high content 
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of unsaturated fat in soybeans [raw soy flour contains ap- 
proximately 20% fat (Richter and Schneeman, 1987)]; the 
unsaturated fat from soybeans is known to enhance pancre- 
atic carcinogenesis in rats (Roebuck et ai., 1987). When 
soybeans are defatted, the hyperplastic, hypertrophic, and 
carcinogenic effects of the soybean products (containing 
high levels of the soybean protease inhibitors) in the pan- 
creas of rats are not observed (for a review, see Richter and 
Schneeman, 1987). Further evidence that the soybeans 
protease inhibitors may not be responsible for the deleteri- 
ous effects of raw soybeans on the pancreas is that protein 
fractions lacking TI activity cause pancreatic enlargement 
in rats (Nairn et ai., 1982). 

The fact that the hypertrophic, hyperplastic, and carci- 
nogenic effects of raw soybean products on the pancreas 
can be abolished by heat treatment of the soybean flour 
(McGuiness et al, 1980; Folsch et ai., 1974; Roebuck et ai., 
1987) suggests that BBI (and the other BBI-type protease 
inhibitors in soybeans) is not responsible for these effects, 
as this protease inhibitor is highly resistant to degradation 
by normal levels of heat treatment 1 (Bowman, 1946; Birk, 
1961). 

5.2.4. Relationship of experiments on azaserine-induced 
pancreatic cancer to soybean-associated pancreatic pathol- 
ogy in rats. In the experiments that have been performed 
to determine the effects of constituents of soybeans on the 
pancreas, pure compounds have not been used, so that ob- 
served effects often can be attributed to other components 
of the soybeans or the diet utilized. In several experiments 
performed on azaserine- induced rat pancreatic carcinogene- 
sis, a synthetic protease inhibitor called FOY-305 (or camo- 
state) has been used, as discussed by Roebuck and Long- 
necker (1993). These studies suggest that this protease 
inhibitor might have two opposing effects on pancreatic 
carcinogenesis: a promoting effect on early preneoplastic le- 
sions, caused by its ability to enhance CCK secretion, but 
then a direct suppressive effect on pancreatic carcinogene- 
sis after its absorption from the intestine and transport to 
the pancreas. It has been shown that growth of basophilic 
putative neoplastic foci in the pancreas is inhibited by 
camostate (and stimulated by CCK) (Douglas et ai., 1989). 
As suggested (Roebuck and Longnecker, 1993), these stud- 
ies on the pancreas suggest that the overall effect of pro- 
tease inhibitors absorbed from the GI tract may be to sup- 
press pancreatic carcinogenesis, even in the rat model 
system. In azaserine-induced pancreatic carcinogenesis in 
rats, protease inhibitors appear to act as promoters only dur- 



T Whereas the proteolytic activity of BBI is relatively unaffected by heat 
treatment, such treatment does destroy most of the protease inhibitor 
activity in soybeans. Heat treatment not only inactivates most of the 
trypsin inhibitors, but also destroys some of the amino acids and generally 
reduces amino acid availability. As the amount of heat necessary to 
destroy all of the trypsin inhibitor activity would damage the nutritive 
value of proteins, most commercially available soy products are heat 
treated to an extent that results in 5-20% of the original TI activity 
remaining intact (Rackis et aL, 1986). 



ing the early postinitiation phase (i.e., the first 2 months 
and not the last 2 months of the postinitiation phase) of 
carcinogenesis (Roebuck et ai,, 1987). In these studies, both 
a protease inhibitor-containing protein fraction and a frac- 
tion containing unsaturated fat from soybeans increased the 
size of azaserine-induced preneoplastic foci in the pancreas, 
but did not increase the number of foci occurring in the 
"initiated" pancreas (Roebuck et ai., 1987). These studies 
suggest that the soybean protease inhibitor-containing frac- 
tion (as well as the fraction containing unsaturated fat) can 
act as a growth promoter for carcinogen- induced pancreatic 
carcinogenesis in rats, but the protease inhibitor-contain- 
ing fraction had no ability to induce cancer by itself or to 
act as a co-carcinogen with azaserine to enhance pancreatic 
carcinogenesis. A purified trypsin inhibitor has also been 
shown to act as a promoter for azaserine-induced pancreatic 
carcinogenesis (Douglas et al., 1989). Similar conclusions 
have been reached in experiments involving spontaneous 
pancreatic carcinogenesis; the data suggest that soybean 
products do not cause cancer by themselves, but instead, 
can serve as a promoter for multistage carcinogenesis in the 
pancreas (McGuiness et ai., 1984). 

In the studies that have shown pancreatic cancer devel- 
opment in rats maintained on high levels of soybeans in the 
diet, "spontaneous" carcinogenesis could be induced by a 
variety of carcinogens in the environment of the animals. 
As an example, N-nitrosamines, which are known to cause 
pancreatic cancer in animals (McGuiness et ai., 1984), have 
been found in animal food and bedding material (Silver- 
man and Adams, 1983). 

5.2.5. Apparent dose-response relationship for pancreatic 
pathology in rats. Pancreatic pathology from soybean prod- 
ucts has only been observed at very high levels in the diet. 
In these studies, lower levels have not led to these adverse 
effects; levels of protease inhibitors of approximately 4% of 
the diet or more appear to be necessary to observe statisti- 
cally significant results (e.g., Myers et ai., 1991; Gumbmann 
et ai., 1985), as reviewed elsewhere (Kennedy, 1995a). At 
levels of protease inhibitors in the diet that are appropriate 
for cancer prevention (approximately 0.1% or less, as de- 
scribed in Section 6), pancreatic pathology in rats is not ob- 
served. For example, in the USD A Trypsin Inhibitor Study 
(Gumbmann et ai., 1985), the results for pancreatic ade- 
noma incidence (number of rats with adenomas/number of 
rats studied), with TI activity at 0.1% of the diet (93 mg TI/ 
100 g diet), are 0/107 vs. the control incidence of 1/104. 

There is thought to be a threshold in rats for both stimu- 
lation of CCK and for bringing about pancreatic enlarge- 
ment. The threshold for negative feedback regulation by lu- 
minal proteases occurs when luminal protease activity is 
reduced by 90% in the rat; at this point, increased pancre- 
atic secretion occurs (Miyasaka and Green, 1984). It is 
widely believed that there is also a threshold for pancreatic 
pathology (hypertrophy) in rats (Rackis et ai., 1975; 
Churella et ai., 1976; McGuiness et aL t 1984; Liener, 1989). 
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This threshold for pancreatic enlargement in rats occurs 
when the animals are fed raw soy flour in an amount that 
represents 5% of the total protein in the diet (McGuiness et 
oL, 1984). 

5.2.6. Acinar vs. ductal origin of pancreatic tumors. 

Rats develop pancreatic pathology of acinar cell origin from 
azaserine and soybean products. Acinar cell neoplasms are 
rarely seen in the human pancreas; this type of pancreatic 
cancer is observed in only approximately 4% of human 
pancreatic cancer (Pour, 1991). The common type of hu- 
man pancreatic cancer is of ductal/ductular origin; ductal 
neoplasms account for over 90% of human pancreatic can- 
cer (Pour, 1991). Nitrosamine- induced pancreatic carcino- 
genesis in hamsters is the experimental model system that 
results in pancreatic neoplasms of ductal origin. Many mod- 
ifying agents for carcinogenesis have opposite effects on the 
two types of pancreatic cancer development (i.e., acinar 
cell pancreatic neoplasms in rats and neoplasms of ductal 
origin in hamsters), as has been reviewed (Pour, 1991). 
One example of such opposing effects involves soy flour 
treatment. Raw soy flour dietary additions containing a 
high level of soy TI activity lead to highly significant reduc- 
tions in the levels of experimentally induced pancreatic 
carcinogenesis in hamsters (Hasdai and Liener, 1983; 
Liener and Hasdai, 1986; Permert et al } 1993; Pour, 1991). 
This soybean flour-suppressing effect on pancreatic tumors 
of ductal origin suggests that high levels of soybean prod- 
ucts in the diet are likely to lead to a reduction in human 
pancreatic cancer. This, in fact, is what has been observed 
in epidemiologic studies, as described in Section 5.2.8.2. 

5.2.7. The role of fat in rat pancreatic pathology. In stud- 
ies claiming to demonstrate that soybean products are asso- 
ciated with pancreatic pathology in rats, the soybean fat has 
been studied along with the soybean protease inhibitors. 
Thus, conclusions about the effects of protease inhibitors in 
the rat model system are problematic. There are only a few 
studies (Gumbmann et ai., 1985, 1989; Spangler et ai., 
1985) in which the soybean products studied have been de- 
fatted. (Although the soybean products used were defatted, 
corn oil was used in the studies; this is problematic for rea- 
sons described below.) In these studies in which defatted 
soybean protease inhibitor preparations were utilized, there 
were no significant differences in the incidence of pancre- 
atic cancer — only acinar adenomas were observed in rats 
and not even adenomas (or other pathologic alterations) 
were observed in mice. In these studies, the fact that pan- 
creatic hyperplasia and hypertrophy are separable from ade- 
noma development is clear (given the differences observed 
between the rat and mouse studies), and there is no evi- 
dence suggesting that the adenomas occurring in rats lead 
to cancer. These studies show very clearly that when soy- 
beans are defatted, pancreatic cancer does not occur in rats, 
and suggest that the soybean fat present in previous studies 
(e.g., McGuiness et ai., 1984) played a very important role 



in the development of pancreatic cancer in rats fed high 
levels of full-fat soybean flour for long periods of time. 

Other types of fat are also important in studies of rat pan- 
creatic carcinogenesis. As one example, high levels of corn 
oil (7.88%) were added as the dietary fat in the USDA TI 
study (Gumbmann et ai., 1985; Spangler et ai., 1985). It is 
known that considerably lower levels of corn oil than were 
utilized in that study have been shown to lead to highly sig- 
nificant increases in the levels of pancreatic hyperplasia 
and acinar adenomas in both male and female rats (Boorman 
and Eustis, 1984; Boorman etai., 1987; Haseman etal., 1985; 
National Toxicology Program, 1994). Thus, the use of corn 
oil in studies of rat pancreatic carcinogenesis greatly com- 
plicates the analysis of the contribution of soybean protease 
inhibitors to the development of pancreatic pathology. 

5.2.8, Pancreatic cancer in humans/relationship of soybean 
products to pancreatic cancer. 

5.2.8.1. Soybean products are unlikely to cause adverse effects 
in the human pancreas . While the causes of human pancre- 
atic cancer are unknown, there is a strong association with 
cigarette smoking (Mack, 1982), as well as an association 
with high levels of dietary fat (Norell et ai., 1986; Durbec et 
ai., 1983; Carroll and Khor, 1975; Wynder, 1975; Gold et 
ai., 1985). Experimental pancreatic carcinogenesis in rats 
has also shown a strong association with high levels of di- 
etary fat, as discussed in Section 5.2.7. 

There are several reasons to believe that soybean-derived 
protease inhibitors and other soybean constituents will not 
have a carcinogenic effect on the human pancreas as they 
may have on the rat pancreas; they are as follows: 

(1) Human trypsin is more resistant to inhibition by the 
soybean-derived protease inhibitors than is the trypsin 
of other mammals; it is expected that dietary soybean- 
derived trypsin inhibitors will not have a sufficiently 
strong effect to bring about human pancreatic pathol- 
ogy (reviewed by Flavin, 1982). 

(2) The size (percentage of body weight) of the human 
pancreas is such that it falls into a classification of spe- 
cies that do not respond to soybean trypsin inhibitors 
(products) by pancreas enlargement (or cancer devel- 
opment), as discussed in detail in Section 5.2.2. 

(3) Rats have different essential amino acid requirements 
than do humans; of particular importance is that their 
requirements for sulfur-containing amino acids, such as 
methionine, are not like those of humans (Bodwell and 
Hopkins, 1985; Ford, 1981). The metabolic pathway 
by which rats (chicks and presumably other species re- 
sponding to soybean-derived trypsin inhibitors with 
pancreatic enlargement) metabolize soybean products 
is unusual and clearly different from the pathways oper- 
ating in humans (for example, see Young et ai., 1984; 
Scrimshaw et ai., 1983). Since soybean protein is 
known for its deficiency in sulfur-containing amino ac- 
ids (Liener and Kakade, 1980), rats respond to this 
food source in a manner unlike that of most species, in- 
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eluding humans. Rats are considered a poor model for 
humans in the determination of the soybean protein 
efficiency ratio, an assay utilized to assess the nutri- 
tional qualities of human food proteins; alternatives to 
the rat model system are discussed in detail elsewhere 
(for examples, see Bodwell and Hopkins, 1985; Torun 
et ai, 1982; Pineda et ai., 1982; Soy Protein Council, 
1987). Thus, rats are considered an unsuitable species 
for evaluation of effects of soybean protease inhibitors 
on any organ system, including the pancreas, and the 
results of studies on soybean products in rats cannot be 
assumed to represent the likely response of humans to 
those products. 

(4) Even if there were a clear dose-response relationship 
between TI intake and incidence of certain pancreatic 
abnormalities in the rat pancreas, this is not convinc- 
ing evidence that protease inhibitors cause pancreatic 
cancer. As discussed elsewhere (Kennedy, 1993a), pro- 
tease inhibitors are clearly associated with increased 
growth in the rat pancreas, which leads to hypertrophy 
and hyperplasia, but it is not at all clear whether hyper- 
trophy and hyperplasia are related to cancer develop- 
ment in the pancreas. There are species that have 
these pancreatic lesions and do not get cancer and 
other species that have reduced cancer rates in the 
pancreas, even though they have pancreatic hypertro- 
phy and hyperplasia. Thus, hypertrophy and hyperpla- 
sia are clearly separable phenomena from the develop- 
ment of cancer in the pancreas, as discussed in more 
detail elsewhere (Birk, 1993; Kennedy, 1993a, 1996a). 

5.2.8.2, Soybean products may cause a decrease in the rates of 
human pancreatic cancer. Although the effect of soybean- 
derived protease inhibitors on human pancreatic carcino- 
genesis is unknown, there are normal human populations 
with high levels of protease inhibitors in the diet (Sipos, 
1990; Doell et ai., 1981) that show no increased risk of pan- 
creatic cancer [e.g., the Japanese and Seventh- Day Adven- 
tists (Armstrong and Doll, 1975; Phillips, 1975; Phillips et 
al., 1980)]. The Seventh-Day Adventists are known to 
have high dietary levels of protease inhibitor activity de- 
rived from soybeans and other legumes (primarily peas and 
lentils). Studies designed specifically to determine pancre- 
atic cancer rates in this human population have clearly 
shown reduced rates of pancreatic cancer (Mills et ai., 
1988). 

5.2.8.3. Summary of data on pancreatic effects from soybean 
protease inhibitors. As described in detail in Section 5.2, the 
interpretation of the results from studies utilizing the devel- 
opment of acinar cell neoplasms in the rat model system for 
evaluation of effects on the pancreas from soybean products 
is problematic due to a number of different factors, includ- 
ing the amount and type of fat present, etc. The most im- 
portant question to be asked about the results of the rat 
pancreatic carcinogenesis studies, however, is whether such 
studies performed in a system in which acinar adenocarci- 
nomas develop have any relevance to human pancreatic 



carcinogenesis. It is known that almost all human pancre- 
atic cancer is of ductal origin and that soybean products 
containing high levels of the soybean protease inhibitors 
have major suppressive effects on pancreatic cancer of duc- 
tal origin in animals (reviewed by Pour, 1991). These re- 
sults from animal experiments are likely to reflect the re- 
sponse of the human pancreas to soybean-derived protease 
inhibitors. The available evidence suggests that dietary soy- 
bean-derived protease inhibitors are likely to lead to a re- 
duction in the incidence and mortality rates of human pan- 
creatic cancer. This is the opposite result from that 
expected on the basis of the animal studies performed in 
rats. Other phenomena thought to be related to pancreatic 
cancer development also give opposite responses in the 
pancreata of rats compared with those of humans. For ex- 
ample, high levels of dietary soybean protease inhibitors 
lead to increased plasma levels of CCK in rats (Liddle et ai., 
1984; Adrian et ai., 1982), but decreased plasma levels of 
CCK in humans (Lu et ai., 1995). 

5.3. Potential Effects of 

Protease Inhibitors on the Immune System 

Another potential toxicity problem for cancer prevention 
by protease inhibitors involves a possible effect of protease 
inhibitors on the immune system. This is considered a po- 
tential toxicity problem due to the report by Goldstein et al 
(1979), which showed that protease inhibitors can prevent 
the production of the superoxide anion radical and H 2 0 2 in 
PMN stimulated by tumor promoting agents. Even though 
this effect of protease inhibitors is specifically in response to 
an undesirable cellular effect brought about by tumor pro- 
moting agents, the results reported by Goldstein et al. 
(1979) have suggested to some that protease inhibitors 
might interfere with the normal functioning of the immune 
system. 

In addition, the possible role of proteases in the normal 
functioning of the immune system (in particular, neutro- 
phils and macrophages) has also raised the question of 
whether or not protease inhibitors in some way might com- 
promise the normal functioning of the immune system. For 
several reasons, an adverse effect of dietary protease inhibi- 
tors on the immune system is unlikely. There are currently 
two major hypotheses on the mechanism of target-cell kill- 
ing by macrophages: (1) cytolysis dependent on reactive 
oxygen intermediates and (2) cytolysis dependent on lyso- 
somal enzymes (Leb et ai., 1985). a-Tocopherol was found 
to be highly effective at inhibiting both antibody-depen- 
dent monocyte cytotoxicity and phorbol-myristate- acetate 
(PMA)-induced monocyte cytotoxicity (Corwin and Gor- 
don, 1982). It generally is thought that this indicates that 
the production of H 2 O z and oxygen free radicals are of pri- 
mary importance for macrophage function. In spite of this, 
a-tocopherol is commonly used as a dietary supplement 
with no apparent ill effects. In fact, a slight stimulatory ef- 
fect of a-tocopherol on the immune system (i.e., the oppo- 
site effect compared with that observed in vitro) has been 
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observed in vivo (Corwin and Gordon, 1982; Lim et at, 
1981). Two protease inhibitors, an ovomucoid trypsin in- 
hibitor and SBTI, have been studied in separate investiga- 
tions for their inhibitory effect on cell killing (Leb et at, 
1985). In the second, SBTI was tested for inhibition of elas- 
tolytic activity and found to be negative (Chapman and 
Stone, 1984). With respect to neutrophils, proteolytic ac- 
tivity is thought to play a major role in unwanted tissue de- 
struction, such as in emphysema. Consequently, there has 
been much medical research to find a protease inhibitor 
that might antagonize this protease-associated pathological 
condition. While SBTI was found to be more effective at 
inhibiting the elastolytic activity of neutrophils than mac- 
rophages in vitro , it is not expected to be effective in vivo 
(Harlan et at, 1981). The close association between effec- 
tor cells and target cells makes access of protease inhibitors 
to proteases involved in tissue destruction or cell killing 
difficult (this would be true for neutrophils, as well as for 
macrophages). Thus, it is highly unlikely that there will be 
deleterious effects of protease inhibitors on the normal 
functioning of the immune system. Thus far, studies per- 
formed to determine whether BBI has an effect on cells of 
the immune system or the normal functioning of the im- 
mune system have shown no adverse effects (Goldfarb et at, 
1989; Maki and Kennedy, 1992; Maki et at, 1994). 

6, AMOUNTS OF 
BOWMAN-BIRK INHIBITOR/ 
SOY PRODUCTS NECESSARY 
FOR ANTIC ARC1NOGENIC EFFECTS 

Evidence has been presented that the amount of protease 
inhibitor activity from soybeans in the traditional Japanese 
diet could account for a decreased cancer risk, as discussed 
in detail elsewhere (Kennedy, 1993a,c; Kennedy et at, 
1993b). The data suggest that even the amount of protease 
inhibitor activity in a single serving of tofu (1 cup) per day 
could have some protective effect against cancer develop- 
ment. Animal carcinogenesis studies have demonstrated 
that dietary levels as low as 0.01% BBI/BBIC can suppress 
liver carcinogenesis in mice (St. Clair et at, 1990a) and co- 
lon carcinogenesis in rats (A. R. Kennedy, unpublished 
data). (Lower dietary levels of BBI/BBIC could also be ef- 
fective at suppressing cancer development, but have not 
been studied yet.) If it is assumed that the normal human 
dietary intake is 500 g of food, 0.01% of 500 g would be 50 
mg of dietary protease inhibitor activity that would be nec- 
essary in the human diet for the prevention of some kinds 
of cancer. The protease inhibitor content of many foods is 
known (e.g., Rackis et at, 1986; Liener, 1979b; Liener and 
Kakade, 1980; Doell et at, 1981; Billings et ai., 1990b). For 
example, it has been determined that tofu contains approx- 
imately 150 mg/cup of protease inhibitor activity (Kennedy, 
1993a). It is assumed that SBTI (also known as the Kunitz 
inhibitor, etc.) is removed from soybeans during their pro- 
cessing for the production of tofu (discussed by Liener, 
1979b; and Liener and Kakade, 1980), leaving 5 other pro- 



tease inhibitors, which are all members of the Bowman- 
Birk family of protease inhibitors (Hwang et at, 1977). Of 
these five different protease inhibitors present in tofu, only 
BBI itself contains CI activity (Hwang et a!., 1977). As the 
amounts of these members of the BBI family of protease in- 
hibitors in soybeans are approximately the same, it could be 
assumed that the CI activity of tofu would be approxi- 
mately 30 mg/cup (i.e., one-fifth of 150 mg/cup). Although 
the epidemiologic data are somewhat inconsistent, there 
are approximately 20 studies suggesting that tofu intake re- 
duces cancer risk, as has been reviewed elsewhere (Messina 
et at, 1994). In studies exhibiting a reduced cancer risk from 
tofu (e.g., Lee et at, 1991; Severson et at, 1989; Lee etat, 
1995), the amount of tofu necessary for a protective effect 
against cancer is approximately 1 serving per day (com- 
pared with infrequent consumption) (M. Messina, personal 
communication). With the assumption that a serving of 
tofu is 1 cup, this amount of tofu would contain approxi- 
mately 30 CI units. 30 CI units per day is expected to have 
a protective effect against the development of some forms 
of human cancer, if the results from animal studies are ex- 
trapolated to humans, as described above. This dose is com- 
parable with the lowest amount of CI activity currently be- 
ing studied in human/BBIC trials, 25 CI units/day. This 
amount of CI activity is expected to have a marginal/bor- 
derline effect on human carcinogenesis; considerably higher 
doses are thought to be necessary to achieve the maximum 
cancer preventive effect of BBIC, as discussed elsewhere 
(Kennedy et at, 1993b; Kennedy, 1993a). 

7. SUMMARY 

Protease inhibitors are highly promising as human cancer 
chemopreventive agents. For all cancer chemopreventive 
agents, potential toxicity problems need to be addressed. As 
discussed in detail in Section 5, certain adverse health ef- 
fects have been attributed to protease inhibitors. It is per- 
ceived that the problems that could result from the chemo- 
prevention of cancer with dietary protease inhibitors are 
(1) pathologic alterations could develop in the pancreas 
while cancer is being inhibited in other organs and (2) 
there may be decreased protein utilization, resulting in 
weight loss. As discussed in detail in this article, much of 
the evidence implicating protease inhibitors as causative 
agents for growth suppression in young animals and in rat 
pancreatic pathology/cancer development is circumstantial. 
It is now clear that it is not the soybean protease inhibitors 
causing growth suppression in young animals, as has been 
reviewed by Birk (1993). The assumption that the soybean 
protease inhibitors are causally related to the development 
of pancreatic cancer in rats may also be incorrect. While 
there is evidence that high dietary levels of soybean pro- 
tease inhibitors cause pancreatic hyperplasia/hypertrophy 
in rats, there is much evidence to suggest that pancreatic 
hyperplasia/hypertrophy is not related to pancreatic cancer 
development, as discussed in detail in Section 5.2. As one 
example, results presented by Liener and Hasdai (1986) in- 
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dicate that pancreatic enlargement, presumably caused by 
hyperplasia/hypertrophy at the cellular level, can be associ- 
ated with a decreased pancreatic cancer risk. 

The rat pancreas is quite unusual in its response to soy- 
bean-derived protease inhibitors; the human pancreas is 
not expected to respond to soybean protease inhibitors with 
hyperplasia, hypertrophy, adenoma, or cancer develop- 
ment. Of particular relevance to the question of whether 
the use of high dietary levels of soybean products could lead 
to the development of human pancreatic cancer is the epi- 
demiologic evidence. The populations having high levels of 
soybean products and protease inhibitor activity in their di- 
ets, such as the Japanese and the Seventh-Day Adventists 
(Sipos, 1990; Doell et al., 1981), do not have elevated risks 
of pancreatic cancer (as reviewed by Kennedy, 1993a; 
Fontham and Correa, 1993; Mills et al., 1988; Armstrong 
and Doll, 1975; Phillips, 1975; Phillips et aL, 1980). In fact, 
some of these populations have significantly reduced rates 
of pancreatic cancer development (Mills et al., 1988). Thus, 
the available epidemiological evidence suggests that the 
human pancreas is likely to respond to soybean products 
with a reduced cancer rate. This would not be surprising, as 
90% of human pancreatic cancer is ductal in origin (Pour, 
1991 ) and pancreatic carcinogenesis of ductal origin in ani- 
mals is reduced with soybean flour dietary additions (Has- 
dai and Liener, 1983; Liener and Hasdai, 1986; Permert et 
al., 1993; Pour, 1991). Whether there will be adverse or 
beneficial effects in the human pancreas associated with 
the administration of soybean protease inhibitors, or soy- 
bean products in general, will never be completely deter- 
mined with epidemiologic correlations studies, however. 
Thus, it will be important to monitor the response of the 
human pancreas to the administration of soybean products 
as cancer preventive agents in human trials. It is believed 
that a suitable level of protease inhibitors in the diet can be 
found that will not lead to the problems cited above, since 
no undesirable side effects, including pancreatic changes, 
decreased growth rate or decline in general health, in ani- 
mals maintained on high levels of anticarcinogenic dietary 
protease inhibitor activity for as long as their entire life 
span have been observed, as discussed in detail in this arti- 
cle. Thus, it is highly likely that protease inhibitor supple- 
mentation to the diet will prevent the development of can- 
cer at several different sites and of many different types 
without adverse health effects in human populations. 
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